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INTRODUCTION 
Some of the pertinent environmental factors in contemporary swine production are 
gases, dust and bacteria which occur in swine houses (Curtis, 1972). These pollutants have 
been implicated in causation and exacerbation of respiratory diseases in swine (Jerico, 
1968; Kovacs et al., 1967). The economically important disease complex, chronic 
pneumonia, is wide spread, and it may reduce the growth rate in swine by 30% (Huhn, 
1979; Curtis et al., 1975b). Dust control is an important aspect of environmental 
management of swine housing (Heber et al., 1988). Bundy and Hazen (1973) found that 
95% of dust in swine buildings is of particle size considered damaging to the lungs. 
In sv^ne buildings, dust consists of animal hair, skin, dry excreta and feed (Curtis, 
1983; Honey and McQuitty, 1979; Stroik and Heber, 1986). Nilsson (1984) concluded that 
most of the dust in a swine finishing building does not originate from feed but from 
animals themselves. The concentration of aerial dust can be correlated to some 
environmental factors such as ventilation systems, feeding practices, bedding materials and 
animal activities (Takai, 1992). A high content of organic dust has been identified as a 
cause of work-related respiratory symptoms in pig farmers (Rylander et al., 1989). 
Vinzents and Christensen (1990) reported that about 40% of the working time in swine 
facilities involved close contact with pigs. Swine farmers show an excess of chronic 
bronchitis compared to other farmers (Iversen and Takai, 1990). Hoben et al. (1976) found 
that aerosols transfer to the blood through the respiratory tract rather than through the 
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intestinal tract. Pig farmers have a high prevalence of wheezing and symptoms of chronic 
bronchitis (Dosman et al., 1987; Iversen et al., 1988). Working in swine buildings often 
results in an acute decrease of lung function (Donham et al., 1984, Iversen and Pedersen, 
1990) and may cause a long term decline in lung function (Iversen et al., 1988). A study 
conducted by Danuser et al. (1988) showed that a significant reduction in limg function of 
poultry farm employees was due to the presence of a large amount of dust in poultry 
houses. The prevalence of chronic bronchitis in poultry workers has been found in 0 to 
10% and hypersensitivity pneumonitis in 1 to 38%. Respiratory problems of poultry 
workers and the aerial environment in poultry buildings have been reviewed extensively by 
Whyte (1993). The toxicological effect of respirable dust particles is because of inhalation 
of toxic organic dust which may induce hypersensitivity in airways after repeated exposure 
(Rylander, 1986). Alternatively, these dust particles may behave like some inorganic dust 
and may cause a mechanical blockage of macrophages (Gilmour et al., 1989). 
Working in swine facilities is considered a high risk occupation. A worker may 
experience a high risk because of work area (location) or work procedure (task). The 
following are important considerations when selecting a worker for livestock and poultry 
units; 
1) Proximity to contaminant sources. 
2) Frequency of proximity to contaminant sources. 
3) Worker complaints and illness. 
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The following equation should be used to calculate the Threshold Level Value 
(TLV) of respirable dust: 
10(mg/m )/(% respirable quartz+2) 
To calculate TLV for total dust, the following equation should be used: 
30(mg/m^)/(% quartz+3). 
Since the TLV's are time- weight based on a 7 or 8 hoiir work day and 40 hours a 
week, National Safety and Health Administration (NSHA) uses a time-weight average to 
determine compliance with TLV's. The American Conference of Governmental Industrial 
Hygienists (ACGIH, 1994) has set limits of 10 mgW of TWA (time weight average for an 
8-hour work day) of inhaled particulate (defined as ranging from 50% at 100 micron to 
100% at 0 micron) and 3 mg/m TWA for respirable particulate defined as ranging fi:om 
1% at 10 micron to 100% at 0 micron. 
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OBJECTIVES 
The objectives of this study were to: 
1) Design an ionization system for increased dust collection and efficiency. 
2) To test the system and evaluate the performance of a prototype in a laboratory 
chamber. 
3) To review the voltage-current relationship for corona discharges. 
4) To review the safety consideration of DC high voltage in animal environments. 
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LITERATURE REVIEW 
Dust in Swine Facilities 
Several researchers have concluded that air may predispose animal respiratory 
diseases and infections (Chiba et al., 1987; Switz et al., 1981; Jerico et al., 1975). It is 
suggested that air pollution, including dust and bacteria, increases the severity of 
respiratory diseases by inhibiting the effectiveness of pulmonary clearance mechanism 
(Webster, 1981). Respirable aerosol concentration in swine facilities varied from 0.71 x 
10^ to 10.59 X 10^ particle per m^ compared to 3 x 10^ particles per m^ in outdoor air. 
Heber et al. (1988) found that the respirable fraction by mass in swine finishing buildings 
is 3.7%. See Table 1. Nilsson (1982) noted that 80% of the dust in swine finishing 
building were between 0.5 micron and 2.5 micron. A survey of six Ontario hog bams by 
O'blenis and Nethercott (1985) found that respirable dust (0.2 mg/m^ was about 6% of 
total dust. Brouwer (1987) found that swine breeding houses had higher dust levels 
compared to fattening houses. Some researchers found that the respirable part of the total 
weight of the dust varies between 10-20% (Hinz and Krause, 1987; Louhelainen et al., 
1987; Pedersen, 1989; Baekbo and Wolstrup, 1989; Gustafasson, 1989). Some researchers 
found that a large percentage of dust in swine buildings is of inhalable fraction (Table 2). 
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Table 1. The total mass concentration (TMC) of dust in swine finishing building 
Reference Type of unit Type of Sample TMC 
ventilation time (sec) (mgW) 
Curtis et al. (1975a) Finish Natural 10 9.6 
Curtis etal. (1975a) Finish Mechanic 10 6.4 
Donham et al. (1986) Finish Natural 180 15.3 
Meyer & Manbeck (1986) Growing/Finish Natural 222 2.7 
Growing/finish Mechanic 314 1.3 
(Heberetal. (1988) Finish Natural 60 8.8 
Finish Mechanic 60 6.9 
Table 2. The percentage of inhaled fraction dust in swine building 
Author Year % of inhalable fraction 
Bundy and Hazen 1975 95 
Gustafasson 1989 90 
Hartung 1989 71 
Nick et al. 1993 99 
Dust in Poultry Housing 
Large amounts of airborne dust are produced from feed, animals and other sources 
in livestock and poultry houses. The dust poses a serious health hazard to the farmers and 
the animals. Particles smaller than 30 micron in aerodynamic diameter may be inhaled and 
those in a particle size range around 0.5 micron are the most damaging to limg tissue 
(ASHRAE, 1989; Baturin, 1972). Maghirang et al. (1991) found that 97% of all particles 
in laying houses were in the most dangerous respirable range (smaller than 0.5 micron). 
Leonard et al. (1984) and McQuitty et al. (1985) reported maximum values of daily means 
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dust concentration of 7.5 and 39.7 particles per ml in broiler and layer facilities, 
respectively. Hinz et al. (1994) measured dust concentration, bacterial count and 
endotoxin in a broiler house. They found that dust concentration ranging from 1 to 14 
mgW. The total count of 7.7 x 10^ cfu/m^. Table 3 and Table 4 show the particle and 
size distribution and dust concentration in poultry houses. 
Table 3. Particle and number size distribution in poultry houses (Van Wicklen, 1982. 
citing Stroh et al., 1978) 
Particle diameter 
(micron) 
Air Volume per bird 
0.2 m^/bird 0.4 m^/bird 
0.5-1.0 18.0 X loW 7.8 x loV^ 
1.0-2.0 17.6 X loW 6.0 X loV^ 
2.0-3.0 19.0 xlOW 7.2 X loW 
3.0-5.0 17.1 X lOW 6.7xl0V^ 
5.0-10.0 4.5x loW I.OXIOV^ 
Table 4. A large variation in reported dust concentration in poultry houses 
Author Date Minimum 
(mg/m^) 
Maximum 
(mgW) 
Average 
(mgW) 
Grub et al. 1965 37 660 -
Anderson et al. 1966 - 41 13.78 
Wolfe et al. 1968 3.5-14.1 - 21-35 
Burnett 1969 2.12 4.38 3.29 
Jacobson & Jordon 1978 - - 1.2 
Clark et al. 1983 1.1 3.7 -
Louhelainen et al. 1987 2.7 1.3 
Morrison et al. 1993 0.15 4.67 -
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Dust and Feed 
Feed delivery and diet composition affect aerosol concentration (Chiba et al., 1987; 
Zeitler et al., 1987). Microscopic examination and biochemical tests have both confirmed 
that most of the airborne dust in pig buildings originate from feed (Curtis et al., 1975b; 
Honey and McQuitty, 1979). Bundy and Hazen (1975) investigated the aerosol 
concentration in swine housing. They foimd that pelleted feed resulted in a lower level of 
dust than did the ground feed. Feed additives can reduce the dust production in livestock 
buildings (Chiba and Peo Jr., 1985; Moller, 1991). Feed composition and on-farm 
handling are two factors which have an effect on the release of dust from feed. Dramatic 
reduction in aerial dust levels have occurred by adding fat to animal feeds (Chiba and Peo 
Jr., 1985; Heber and Martin, 1988). Li et al. (1993) found that coatings of 3 and 7 mm 
feed pellets with fat reduced the production of 0.5-5.0 micron dust particles by an average 
of 85 and 82%, respectively. Moreover, coating pellet turkey feed with 3.6% fat decreases 
dust segregation rate by 85% (Li et al., 1992). At SjF in Denmark, experiments were 
carried out in 1993 (Takai and Pedersen, 1994) with 4% organic fat added to the pig diet. 
The concentration of the total dust in the control house was about 4.5 mg/m^ and the 
results showed a reduction of 50% in total dust. They also found that the dust exposure to 
the herdsman in the nursery buildings was reduced by about 50% when fat was added to 
the feed. Handling of feed pellets on farm increases the dust segregation rates, e.g. as a 
result of delivering a weaned pig feed from storage bin to feeding troughs. Segregation 
rates of dust particles in size range of 0.5-3.0 micron increased by 87% and 150% as 
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consequences of delivering manually (by scoop shovel) and by an auger, respectively. In 
both cases the increase in particles were greatest in the respirable ranges (Li et al., 1992), 
Li et al. (1993) reported that a substantial reduction in airborne dust, and improved air 
quality may be achieved through the use of pelleted feed. Reducing the feed dust has been 
a priority in much of recent research. Only after the feed dust has been removed as a 
source of dust, it is likely to be feasible to consider filtration and air scrubber (Barber et al., 
1991). Once the feed has been delivered to the animals, the potential for dust production 
seems to be linked closer to feeder design and to feed wastage than to type of feed (Dawn, 
1991). Tallow has also been used as an additive to control dust and enhance pig 
performance. Chiba and Peo Jr. (1985) found that dust levels were reduced 49% with 5% 
tallow and 21% with 2.5% tallow. Settled dust levels were reduced 41% with 5% and 
9.8% with 2.5% tallow. Cocke et al. (1978) found that application of relatively low level 
of oil resulted in a large reduction in dust level. Lai and Miller (1982) suggested that 
adding water or oil to dust create a condition for easier handling. Gast and Bundy (1986) 
concluded that oils added to dry feed at rates of 1% reduced dust count in a laboratory feed 
drop test by 99%. Some laboratory research (Heber and Martin, 1988) has shown that 
vegetable oils are more effective than animals fat in reducing feed dustiness. Gore et al. 
(1986) measured a 46% reduction in settled dust in a swine nursery due to an addition of 
5% soybean oil to dry feed. Heber et al. (1988) found that adding soybean oil to the feed is 
more effective in reducing aerodynamic dust segregation than animal fat. Respirable dust 
segregation is defined as the number of dust particle in size of 0.5-5.0 micron per kg of 
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feed per minute. Addition of canola oil to dry feed seems to reduce total dustiness in pig 
buildings (Wei Found et al., 1990). Lai et al. (1984) conducted a series of tests to assess 
the effectiveness of water, deodorized soybean, and mineral oils to suppress the dust in 
large-scale handling operation of com, wheat and soybean. They found that oil was very 
effective in reducing dust concentration by 90%. Hsieh et al. (1982) studied the effect of 
rapeseed oil used as a dust suppressant on milling. A new dust control system was 
developed at the National Institute of Agricultural Engineering in Dermiark. The method 
uses rapeseed oil sprays to make dust adhere to the surface (Takai et al., 1993). It was an 
effective method. 
Aerosol 
Hatch and Gross (1964) defined the popular term, dust, as a fine, solid particle 
formed by disintegration, and aerially dispersed. They defined aerosol as any system of 
dispersed liquid, droplet, or solid particle of fine enough size and consequent low settling 
velocity to maintain stability. Koon et al. (1963) defined aerosol as any suspension of air 
microscopic, solid or liquid particles that may include microorganism, spores and vapor 
droplets. Campbell (1979) defined a respirable aerosol as particles that are likely to be 
inhaled and retained to some extent. This includes particles below 10 microns and 
especially those particles below 10 micron in aerodynamic diameter. Aerosols that are 
small enough to enter the lower respiratory system yet large enough to be deposited are 
referred to as respirable aerosols. 
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Viable aerosols have attached bacteria or viruses (Hatch and Gross, 1964) and are a 
subset of total respirable aerosols. The majority of airborne bacteria adhere to particles 
larger than 4 micron (Robertson et al., 1984). Viable particles may carry harmful 
microorganism and endotoxin (Donham et al., 1986). 
Viable Aerosol in Livestock Facilities 
Air sampling in swine houses showed a wide range of viable aerosol concentration. 
Gordon (1963) reported counts ranging from 1.55 x 10^ to 1.09 x 10® CFP/m^, while Elliot 
et al. (1976) observed 3.4 x 10® CFP/m^. Gordon (1963) observed that bedding and the 
level of activity had a significant impact on viable aerosol production. A house that has 
bedding will produce 5-10 times more viable aerosol concentration than a house that does 
not have bedding. The number of viable aerosols increased by an order of magnitude when 
sleeping pigs are awakened. The concentration of airborne-microorganism in animal 
houses is usually quantified by the concentration (C) of bacteria, or more precisely by the 
concentration of bacterial colony-forming particles (BCFP). In pig buildings, BCFP is in 
order of 10''-10® (Wilson, 1989). The amount of the dust in the air of animal buildings is 
more than 10 times higher than outside. In the outside air, dust concentration is about 0.05 
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mg/m and in livestock building it ranges on average from 5 to 20 mg/m (Pearson, 1988). 
Five micron is the size below which deposition is regarded to occur in lungs and alveoli of 
most livestock (Welch, 1987). Infection in agricultural animal housing has been attributed 
to pathogenic aerosols (Roller, 1965; Bundy and Hazen, 1975; Jacobson and Jordon, 1978; 
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Anderson et al., 1978). Harry (1978) reported that the main hazard of dust in intensive 
livestock housing is the ability to transport pathogen that are excreted by animals. The 
aerosols are transported through the envirormient via the ventilation air flow. When 
inhaled, depending upon their size and air flow in the respiratory tract, aerosols ingested 
through mouth breathing may be deposited in the intestinal tract. Aerosol transfer to the 
body may occur via the lungs or intestines (Martin, 1967; Kanapilly, 1977; Roy, 1990). 
Total aerosol measurement in the animal environment has been done in poultry 
structures (Broiler chicken and turkey housing) by Grub et al. (1965); Anderson et al. 
(1966); Wolfe et al. (1968); Jacobson and Jordon (1978); and Harry (1978). In swine 
facilities similar measurements were made by Bundy and Hazen (1978) and in calf 
facilities by Van Wicklen (1982); Atia (1991). 
Dust and Odors 
A high correlation has been shown to exist between the presence of the odors and 
aerosol particles concentration. Bundy and Hazen (1975) concluded that dust induced the 
transport of odors. Janni et al. (1984) reported that noxious gases adhere to the surface of 
aerosol particles. Licht and Miner (1979) found a high correlation between removal of the 
dust particles and quality of odor intensity before and after the removal. Day et al. (1965) 
found that much of the odor in the swine units was attached to moist-solid particle in the 
atmosphere. Hammond et al. (1979) conducted a study in which he found that odors in 
animal buildings are increased by the presence of a high concentration of dust particles. 
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Licht and Miner (1979) foimd that there was a highly significant relationship between odor 
removal and particles removal by scrubbers. Veenhuizen (1989) reported that filtering the 
dust from the air completely removed the odor. The concentration of the odors on dust 
particles seem to be much greater than an equal volume of air. So filtering the dust from 
exhaust air can reduce the odor emission firom animal houses by up to 65% (Hartung, 
1985). Van Greelen (1983) reported a reduction of odor emission of 65% by means of 
filter bags when filtering exhaust air firom broiler houses with 15,000 birds. 
Animal Activity 
Measured animal activity results in higher aerosol levels in buildings. Researchers 
(Honey and McQuitty, 1979; Nelson, 1984) noted that the activity of pigs plays an 
important role in dust concentration in pig bams. Gordon (1963) noted that bedding and 
the level of swine activity had a significant effect on the viable aerosol production. A 
house with bedding produced 5-10 times more dust with pig activity. The viable count 
increased by the order of magnitude when sleeping pigs were forcefully awakened and 
their activity level increased. Zhang (1986) concluded that pig activity is an important 
factor for dust control. Active pigs create more dust (Table 5). Takai (1992) reported that 
animal activity is a major factor causing high dust emission, so he recommended the 
investigation on aerial dust movement in the turbulent air stream. Smith et al. (1993) 
reported that during certain periods of a day the animal activity can be at least as important 
as the ventilation rate in determining the aerial concentration of irrespirable and respirable 
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dust. Gustafsson (1994) investigated the mass balance of dust and efficiency of different 
dust reducing measures for pig housing. His results showed that the generation of the dust 
is affected by animal activity, number of the pigs and weight of the pigs. Grub et al. 
(1965) and Jacobson and Jordan (1978) reported that there is a direct correlation between 
the activity level of birds and increased dust level. Grub et al. (1965) found that active 
birds produce five times the dust produced by quite birds. Stroh (1978) found that the dust 
concentration increased as the stock density of the birds doubled. Carlson and Whenham 
(1968) reported that the aerosol count increased as birds grew older and bigger. Bundy et 
al. (1988) stated that the concentration of dust increased with bird age and activity. 
Hartung (1986) reports that the essential influence of animal activity on the formation of 
the dust is shown by the fact that self-feeding results in significantly greater atmospheric 
dust concentration (particles/volume of air) than by 2 or more times per day feeding. 
Gustafasson (1994) investigated the mass balance of the dust and efficiency of different 
reducing measures for the pig housing. The results showed that the generation of dust is 
ciffected by activity, number, and the weight of the pigs. 
Table 5. Level of respirable dust (mg/m^) when pigs were quite or active. (Morrison et 
al., 1993) 
Mean Maximirai Minimum 
(mg/mO (mgW) (mg/m"*) 
Quite 0.72 1.72 0.08 
Active 1.30 3.25 0.18 
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Effect of the Temperature on Dust 
Zhang et al. (1987) tested the influence of the temperature on the dust level. The 
results showed no significance from temperature variation. Van Wicklen (1987) found a 
relationship between outdoor air temperature and mean respirable aerosol concentration 
(RAC). He found that the mean daily RAC increased significantly as the temperature 
decreased from 26.7 to 10.6 C. Feddes et al. (1982) reported that dust concentration was 
found to be affected by temperature. The significance of temperature on the concentration 
seemed to be a reflection of level of activity of animals rather than relative humidity of the 
air. Stroh et al. (1978) found that temperature had a minimum influence on the dust 
particles count, but Heber and Martin (1988) reported that both the number and the net 
mass concentration of the total dust were negatively correlated to outside air temperature of 
the swine building. Underdahl et al. (1982) described the effect of the temperature on the 
dust concentration as indirect due to the effect of relative humidity. Takai (1992) 
conducted a study in which he found that a significant correlation existed between inside 
temperature and respirable dust concentration. In another study he found a negative 
correlation between outside temperature and dust concentration. Koon et al. (1963) found 
that the dust production for layers on litter increased as the temperature increased from 60° 
F to 70° F, then leveled off between 70° F and 80° F and would begin to decline at 
temperatures above 80°F. Curtis (1983) investigated the effect of environmental 
temperatures on dust production by laying hens (Table 6). 
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Table 6. Effect of environmental temperature on dust production by caged laying hens 
(Curtis, 1983) 
Environmental temperature (C) Dust production (mg/day/hen) 
10 45 
16 55 
21 58 
27 52 
32 48 
38 46 
Effect of Relative Humidity on Aerosols 
The effect of relative humidity on the dust level is related more or less to the 
influence of the temperature (Zhang, 1986). Bundy and Hazen (1974) concluded that after 
dust becomes airborne the relative humidity has little effect on the change in airborne dust. 
Stroh et al. (1978) reported that, for poultry, relative humidity tended to affect both the 
total number of particles and larger size particles. Honey and McQuitty (1979) found that 
the increase of relative humidity had no effect on atmospheric concentration but it had 
significant effect on settled dust concentration. Heber et al. (1988) found that both number 
and net mass concentration of total dust were negatively related to inside relative humidity. 
Takai (1992) found that there was a negative correlation between both outside relative 
humidity and aerial dust concentration. Bundy (984) found that dust removed by air 
ionization is not affected by relative humidity. High relative humidity enhance the survival 
of airborne pathogens (Harry, 1978; Donaldson, 1978). Christison (1988) specified that if 
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relative humidity rises there will be an inevitable rise in concentration of air pollutants 
such as odor, gases and dust. There are two reasons suggested for the effect of RH on dust: 
(1) the absorption of water vapor by dust particles in humid air produce heavier particles 
which settle more rapidly, thus lowering aerial dust concentration (2) humid air increases 
the moisture content of the litter and settle dust, so that less dust becomes airborne. 
Dust Control 
Carpenter and Fryer (1990) cited Watson (1986) that dust hazards can be reduced in 
four ways: (1) by minimizing the occurrence of fine particles, (2) by preventing these 
particles from forming dust cloud, (3) by removing airborne dust using air cleaning 
devices, and (4) by workers using dust masks. Carpenter and Fryer (1990) reported that 
the control of dust in intensive livestock building is required for four reasons: 
1) To prevent the infection diseases from herd or flocks. 
2) To reduce nuisance from odors and dust around the building or reduce the chances of 
cross infection to livestock in nearby building. 
3) To prevent heat recovery or heating and cooling equipment and buildings from being 
fouled by dust concentration. 
4) To reduce nuisance and hazards from dust inside the livestock building itself. Because 
most of the dust is partially generated in the building, dust control is a necessity. 
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Air Cleaning Devices 
Ventilation 
The major method of controlling dust and air contamination in an enclosed 
livestock facilities is by mechanical ventilation. Air flow by ventilation has capabilities to 
remove aerosol from livestock buildings especially during the warm weather when the 
ventilation rates are very high. During the winter, ventilation rates are reduced to conserve 
heat and to avoid chilling the animals. As the number of air changes per hour decreases, 
the aerosols concentration in the enclosure increases (Bundy et al., 1974). Dust can be 
removed from air by ventilation, but normally sedimentation can play an important role in 
removing the dust (Carpenter and Fryer, 1990). Curtis et al. (1975) in a survey of five 
gestation/farrowing buildings, showed that particle count decreased about 0.01 log/°C of 
median temperature as ventilation was adjusted. Lowered ventilation rates results in 
increased relative humidity, a rise in atmospheric ammonia and hydrogen sulfide from 
microbial decomposition of manure (Harry, 1978). Van Wicklen (1982) reported that 
incoming ventilation air contributes significantly to the number of particles and aerosols in 
the indoor environment. Roy (1990) speculated that if the ventilation rates were reduced to 
maintain temperatxire control in animal facilities, an increase of infection would result in a 
much greater economic losses than that produced by lowering the temperatures. Sufficient 
air turbulence to suspend dust particles exist in most livestock buildings (Harry, 1978). 
Bundy (1984) showed that higher air velocities caused more inertial impaction of particles 
on building surfaces, thus helped remove dust from the air stream. Meyer et al. (1986) 
19 
observed that at higher air velocities the total mass concentration of the dust reduced as 
respirable mass concentration of the dust increased. Zhang et al. (1987) tested the 
influence of air velocity and air temperature on dust levels. The results showed no 
significant effect from temperature variation, however, the dust concentration was 
dependent on air velocity. Bundy and Hazen (1973) studied the effect of dilution by 
ventilation on the concentration of aerosols. They reported that the concentration of 
aerosols was reduced by 50% vwth air flow rate of 0.016 m^/sec per pig compared to no 
ventilation. 
Compared to swine houses with mechanical ventilation systems, those with natural 
ventilation systems showed more settled dust and higher total mass concentration (Chiba 
and Peo Jr., 1985). Phillip and Thompson (1989) observed that during the winter, the 
amoimt of the dust measured in natural ventilation hog bams were considerably higher than 
those in mechanically ventilated bams. This occurred for both total airbome dust and 
respirable dust. Liao and Feddes (1989) found that the ventilation exchange of air remove 
over 90% of respirable dust. Phillip and Thompson (1989) found that the mean level of 
respirable dust was 22% higher (0.11 mgW) and the level of ammonia lower by 19% 
(3.13 ppm) in naturally ventilated rooms than in mechanical ventilated rooms. Robertson 
(1992) found that there was no significant difference between mean total dust 
concentration from mechanical ventilated or automatically natural ventilated (ACNV) 
buildings. At SiF in Denmark (Meller, 1992) an investigation was carried out with 
finishing pigs on deep litter in an insulated house with natural ventilation, compared to 
traditional Danish houses for fattening pigs with total or partly slated floors and 
mechanical ventilation in insulated houses. The amount of total dust in the deep litter 
house was 0.55 mg/m . The amount of the total dust was only 25% of the amount in the 
traditional houses and the amoimt of the respirable dust was reduced to 40%. The lower 
content of the dust was probably due to the high air exchange in the house with deep litter, 
where the inside temperature was only a few degrees above the outside temperature. Van 
Wicklen (1982) reported that calf mortality is usually much lower in outdoor hutches than 
in enclosed bams due to dilution of viable respirable aerosols by natural air flow and to 
larger air volume per calf. Some researchers found that the outdoor concentration of 
respirable aerosols was less than for indoor readings, thus indicating the dilution effect of 
large space (Austin and Timmermann, 1965). 
Van Wicklen (1982) explained in detail why ventilation is not quite applicable to 
remove viable and respirable dust in livestock buildings. He reported that the removal of 
viable aerosol will require higher ventilation rates than are currently recommended for 
warm weather ventilation for cold weather. He stated that the farmers carmot afford to 
ventilate at rates 10 to 20 times higher than presently recommended. It is not practical to 
rely on ventilation to remove respirable aerosols. 
Robertson (1989) studied the effect of high ventilation sometimes used in piggeries 
to improve the air quality. He studied the effect of a 10 min. periods of high ventilation in 
a building with automatically controlled natural ventilation (ACNV). He found that 
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purging produced a 60% reduction in estimated total dust concentration. Most of the 
reduction occurred in the first two minutes. 
Takai (1992) stated that buildings with side-wall air-intake ventilation gave lower 
dust concentration than buildings with center-supply ventilation because with sidewall air-
intake ventilation, the velocity of the fresh air is greatest near the sidewall. With center-
air-supply ventilation, velocity is greatest at the center of the building than the sides. Takai 
(1992) stated that the ventilation is an important method of dust removal; however, the 
existing ventilation techniques cannot adequately remove the volume of dust produced in 
swine buildings. 
Air Misting 
Misting of the incoming air wets the litter directly or indirectly as a result of high 
relative humidity. This will reduce airborne dust generation from the litter. Fogging is 
also used to reduce the generation of the dust in swine buildings (Nilsson, 1982). Water is 
used to reduce the amount of dust in swine buildings (Van't Klooster et al., 1993). Gian et 
al. (1988) found that the ratio of dust particles smaller than 0.8 micron to total dust ranges 
from 10-50%. The highest concentration of dust was in the particle size range of 3.2 
micron, so the fogging system reduced the concentration of the larger dust particles, but 
not of smaller particles. Gustafasson (1994) reported that spraying small droplets of water 
into the air resulted in a significant reduction in dust concentration. 
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Gravitational Settling Chambers 
All forms of respirable aerosol (viable and non viable) are subject to gravitational 
or sedimentation. Aerosol with diameter between 1 and 30 micron are governed in the 
phenomenon by Stokes' law (Sheehy et al., 1967; Hemeon, 1955; Dwyer, 1966; Perkin, 
1974). Aerosols of diameter between 0.1 to 1 micron are governed by a modification of 
Stokes' law. A correction factor is used. Cuimingham factor, is used when aerosols reach 
the mean free path of air molecules which is 0.1 micron. 
A settling chamber is used to remove aerosols greater than 50 micron in diameter 
(Perkin, 1974). When using Stoke's law, the maximum air flow velochies that allows a 
particle of 10 micron in diameter to settle out is 0.003 m/sec. Therefore, most particles less 
than 10 micron in size will not settle out depending on the horizontal velocity and the size 
of the particle. Particles of diameters larger than 10 micron can settle out very quickly and 
are not considered to be in a harmful range for humans or livestock. 
Baffle Chamber 
Baffle chambers use a fixed baffle plate that causes the conveying gas stream to 
make a sudden change of direction. Larger-diameter particles do not follow the gas stream 
but will continue into a dead air space. Baffle chambers are used as a precleaner for some 
applications. 
Wet Collector 
Wet collectors exist in different forms such as spray towers, cyclone scrubbers, 
venturi scrubbers and floating bed scrubbers. They absorb aerosol liquid droplets by direct 
23 
contact. These systems were only effective in removing aerosols with diameters greater 
than 10 micron. 
Fibrous Filters 
Fibrous filters are considered suitable for removing respirable aerosol from 
livestock facilities. They exist in different shapes and forms. Some units are capable of 
removing aerosols less than 1 micron (Van Wicklen, 1982). The mechanism of capturing 
the particles by interception and internal impaction on filter materials (Logsdon, 1965; 
Bundyetal., 1974). The removal efficiencies of fibrous filters vary. Some fibrous filters 
have removal efficiencies up to 99% (Veenhuizen, 1989). Van Wicklen (1982) 
recommended use of filters that have efficiencies 95% or greater. Carpenter and Fryer 
(1990) suggested that filters are good removal devices for dust in livestock bams. These 
filters are applicable to swine and dairy housing, but the cost of frequent cleaning and 
maintenance are very high because the filters are subjected to rapid clogging in dusty 
environments. Hillman et al. (1992) found that the air filtration was very effective in 
reducing the respiratory problems of calves. They foimd that air filters capable of 
removing airborne dust and bacteria as small as 0.5 micron. Roelofs et al. (1993) 
concluded that the filtration of air in pig housing can reduce the irrespirable dust by 
approximately 45% and respirable dust by about 65%. 
Centrifugal Separator 
The centrifugal separators (cyclones) remove particles by removing the gas 
(Veenhuizen, 1989). The removal efficiency of cyclones can reach up to 50%. These 
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separators are not applicable to animal facilities because they do not remove aerosol in the 
harmful range between 0.5 and 10 micron. The minimum removal size limit was 10 
micron (Bundy et al., 1974). Cyclone separators can remove particles with diameters 
greater than 10 micron with efficiencies up to 85% (ASHRAE, 1988). 
Charged Media Nonionizing Air Cleaner 
A charged media nonionizing electronic air cleaner combines certain characteristic 
of both dry filter and electrostatic air cleaner. It consists of dielectric filtering medium 
usually arranged in plates as in a typical dry filter. The filtering medium is in contact with 
a grid consisting of alternately ground and charged members, usually at a potential of about 
12 KV. An intense but nonuniform electrostatic field is created through the dielectric 
media. Airborne particles approaching the field are polarizing and drawn to fibers of the 
medium. In this type of filter the medium is replaced similarly to other media filters. It 
has higher pressure drops than ionized plate of the filter. The charged medium is 
ineffective when relative humidity is 70%. 
Rlectro.static Precipitators 
The use of air filters or electrostatic precipitators will aid viable aerosol reduction 
(Van Wicklen, 1982). Electrostatic precipitators are supplemental air cleaners which have 
an advantage of low pressure drop through the device and a high efficiency for respirable 
aerosols (Perkin, 1974). Electrostatic precipitators have a high sampling rate, high 
collection efficiency and low resistance to air flow (Young, 1989). 
Electrostatic precipitators can remove particles less than 2 micron in diameter 
(ASHRAE, 1988). Kombluech and Griffin (1952) tested an ionization system within an 
animal imit. This ionization system consisted of 1 mm diameter tungsten wire, 17.78 cm 
long, arranged with respect to 3 brass rods equally spaced on a 12.7 cm circle coaxial with 
tungsten wire, the tungsten was charged to 8 KV. The system had a collector made of an 
aluminum duct with a blower at one end to draw air through the duct at 75 cm/sec. Two 
sets of plates were arranged parallel to each other and the walls of the duct to draw air past 
them. Five plates, insulated from the duct case, had a potential applied to them. Four 
collector plates were mounted equally spaced between polarizing plates and grounded. 
Bundy et al. (1974) reported an increase in aerosols attached to building surfaces when 
aerosol were ionized. The charge of (6-8 KV) was sufficient to bind aerosols to the 
surface. Bundy et al. (1974) tested an electrostatic precipitator in an experimental swine 
facility and found it very effective in air cleaning. Negative air ionization can reduce 
airborne particle matters and bacteria (Andreev et al, 1966; Curtis, 1983). Bundy et al. 
(1987) reported on different negative air ionization systems for removing E coli S-13 
attached to 0.5 to 1.5 micron aerosols. Veenhuizen et al. (1990a) reported that past 
research in test chambers without animals at Iowa State University showed 95% to 99% of 
bacteria and dust were removed by using electrostatic precipitators. Veenhuizen et al. 
(1990b) found in swine nursery rooms that the ionization dust control system can reduce 
airborne dust concentration by 48%. Songer et al. (1976) reported that negatively ionized 
air is effective in reducing the concentration of airborne organisms in an animal isolation 
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room. Atia (1991) tested an ionization system that was developed at ISU in an 
experimental calf bam and he found it very effective in reducing the total respirable 
aerosols (53%). He also found that the commercial ionization unit' (Alpine) was less 
effective in removing the total respirable aerosol and viable aerosol than the ISU ionization 
system. 
Draghici et al. (1991) studied the effect of ionization on rabbits and their living 
environment. They conducted an experiment in which two groups of 860 adults supercuni 
cross bred rabbits were reared in identical housing conditions, though only one of the 
houses was equipped with an ionization system. Under the influence of air ionization, dust 
removal increased by 100% (68.090 g/m^) compared with 34.12 gW in control. 
Chiumenti and Guercini (1990) studied the effect of ionization equipment to control the 
dust and microbial loads in rabbit rearing units. He found that the microbial count and 
mold count in the air using ionization were 1.75-2.73 and 16-216 per m , respectively. 
This compared with values on control (no ionization equipment) of 1,000-4,320 and 49-
290perm respectively. 
The effect of ionized air was studied by five comparisons carried out in three 
different poultry houses. Total dust was collected on a filter with stationary sampling 
pumps and measured gravitationally. Each comparison including 7 days without ionization 
' no endorsement intended 
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followed by 7 days with ionization. The dust concentration with ionization was lowered by 
11% (GMV), 12% (AMV) and 17% (median) compared to no ionization. 
Baidukin et al. (1979) used an electric filter to remove dust from poultry housing. 
The filter used had an effective cross section area of 0.28 m and-deposition area of 18 m . 
The rectified voltage of the ionizer was 13 KV and the precipitator was 6.5 KV. The filter 
achieved an efficiency of 83-90%. Repace et al. (1983) showed that the ionizer could 
accelerate the precipitation of smoke particles in an unventilated room by a factor of 18 or 
up to equivalent ventilation rate of six air changes per hour. 
Experiments were carried out by Enache and Anderson (1990) to discover the 
extent to which ionization could influence the deposition of solids suspended in air of pig 
housing. The amount of dust deposited was determined using the gravimeter method. The 
measurements revealed a larger amount of dust deposited in artificially ionized area than in 
the control. Higher values of deposition rate were recorded in rooms with negative ion 
generators. At SjF (National Institute of Agricultural Engineering) in Denmark, 
experiments were done with two identical houses for finishing pigs with approximately one 
pig/m . One house with and one without ionization was used. In the house with 
ionization, there was 30,000-80,000 ions per cm^. The inside temperature, relative 
humidity and carbon dioxide was of the same level. Measurement of total and respirable 
dust were done for a 24-hour period at the same time in both houses. The concentration of 
the dust in the control room was approximately 3 mg/m and the reduction of the dust by 
ionization was 26% for respirable dust and 23% for total dust. An experiment was carried 
28 
out at SjF with an electrostatic filter with an air capacity of 3,000 m^/h in a house for 120 
weaned pigs (Moller, 1991). The amount of the total dust without a filter was 3.1 mgW 
and the reduction of the dust was 43% on respirable and 44% on total dust. Mitchell 
(1994) tested three types of ion generator systems in controlled environment isolation 
cabinets which were normally used for airborne transmission experiments with chicken. 
The ions generators used were; (1) Room Ionizer System (RIS) consisting of 81 cm long 
ionizer bars with electrodes spaced every 10 cm, (2) A fogger nozzle with and without 
electrostatic augmentation, and (3) In-duct ionizer which were used to inject ions into the 
room air. He concluded fi-om his study that the use of ionized air was an effective means 
of accelerating the precipitation of dust of 0.3 to > 25 micron. He also stated that the 
negative air ionization has been shown to reduce the bacterial levels through a sterilization 
effect. This confirmed the findings of Atia (1991), where he found that the ionization 
system reduced the concentration of bacteria of 3.3-7 microns in size by 85%. 
The Effect of Ionization on the Health and Growth of the Animals 
Danforth (1952) treated chickens with negative air ions and found greater growth 
rates but he didn't consider his results final and conclusive. Hillstrom (1961), while 
making no positive claims for negative air ions, did find a weight advantage in chickens 
raised in a normal condition. In experiments with mice, guinea pigs, and rabbits, Krueger 
and Smith (1960a; 1960b) found that positive ions decreased the efficiency of the 
mucociliary escalator of tracheal wall, induced the state of exaggerated response of mucosa 
to trauma and produced vasoconstriction, while negative ions accelerate the functional 
activity of the tracheal cleaning mechanism and released the contraction of the tracheal 
wall resulting firom exposure to positive ions. Also Krueger and Smith (1960) found that 
negative ions decreased the concentration of serotonin strips of rabbit trachea and in the 
respiratory system of mice exposed to high concentration of negative ions. Dyachkov 
(1978) reported that negative polarity can promote the combination of oxygen in the air 
with the hemoglobin of the blood of the livestock, therefore increasing the live weight gain 
and productivity. Veenhuizen (1989) cited Cazrick et al. (1985) that negatively ionized air 
around weaned pigs had some effect on them. They measured stress by using blood 
sampling and activity levels suggest that negatively ionized air reduced psychological 
weaned stressors. No difference in rate of gain was recorded between pigs with ionized air 
and the pigs studied in a normal environment; however, Dobie et al. (1965) who studied 
the effect of ion polarity on the weight gain of swine indicated conflicting results. The 
three tests revealed no effect on the weight gain. One test indicated that an excess of 
positive ions was harmful and negative ions were found beneficial. In still another test, 
weight gains were better with positive and negative ions than with natural conditions. The 
data from two tests carried out by Brown et al. (1969) on weaning pigs indicted no 
advantage in using negative ions in the envirormient of weaning healthy pigs. Draghici 
(1991) found air ionization stimulated the reproduction in rabbits, leading to 11.11% 
decrease in mating, 9.5% increase in fecundity, 12.27% increase in prolifacuy and 22.42% 
increase in offspring weaning per female. The offspring's weaning weight was higher by 
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4.18% and adult mortality decreased by 31.52%. Estola et al. (1979) reported complete 
protection from airborne transmission of new castle disease virus (NDV) by negative air 
ionizer, but later studies by Mitchell and King (1994) have not confirmed these results. 
The studies of Mitchell and King (1994) in controlled environment transmission cabinets 
resulted in a reduction in airborne transmission of (NDV) of up to 28% using negative air 
ionizer. They hypothesized that higher reduction was possible with a more efficient ion 
generator and ion distribution. 
Corona and Ozone 
Some industrial precipitators generate an appreciable amount of ozone when 
treating ordinary air. The ozone is produced in visible corona glow sheath which 
encompass the high tension wire and may account for several parts per million 
concentration by volume in the discharge air (White, 1960). This concentration is far 
above the permissible ozone levels that, at present, are established at 0.1 ppm for factories 
and workshops. Continuous arcing or electrical discharge contributes to increased 
production of ozone and may yield mild toxic levels. Long term increases in ozone 
production in electrostatic air cleaner poses serious health concerns. The body is very 
sensitive to ozone, detecting its odor at 0.02 ppm (McDonald and Dean, 1982). Exposure 
level as low as 1 ppm causes a restriction of respiratory passage and damage to lung tissues 
(McDonald and Dean, 1982). Also an exposure level of 100 ppb reduces short term lung 
capacity (Lippman, 1989a; Lippman, 1989b). Long term exposure may cause irreversible 
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lung destruction and cancer (Reiser, 1987; Witschi, 1986). Although the Food and Drug 
Administration standards which limit the ozone generation by any device (FDA, 1985). 
OSHA specifies that the allowable average exposure limits for an 8-hour period is 0.1 ppm 
(ASHRAE, 1988). Dobie (1966) found that the level of ozone production that he measured 
with negative ionization was less than 0.1 ppm. 
The ozone generation in a corona region is a two step process. 
O2 +  e  —>e+0 + 0  
02 + 0  + m->03 + m 
m = catalysis material to enhance the reaction 
So the rate of reduction depends on the intensity of electron flux. The ozone concentration 
is shown to be a linear fiinction of current (Castle, 1969; Viner et al. 1989). 
Electrostatic Precipitator History 
Oglesby (1978), in his book Electrostatic Precipitator, discussed the historical 
development of the electrostatic precipitator. He stated that the electrostatic phenomena 
have been observed since the early time of Greek philosophers, who noted the attraction of 
small particles to amber when rubbed with animal fur. In the 17th century, the observation 
was recorded by English Scientist, William Gilbe, that a rubbed dielectric would entice 
smoke sent by an extinguished light. The first device that demonstrated electrostatic 
precipitation was apparently made about 1820 by M. Hohfield who showed that an electric 
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spark would remove smoke contained in a bottle. In 1850, C.F. Guitard observed that a 
silent discharge would produce the same effect. In 1883, the British physicist Sir Oliver 
Lodge suggested that it could be used to clean polluted air, fog and smoke. The first 
precipitator was built in North Wales in 1885. At the same time, Karl Moller in 
Brockwede, Germany, independently developed an electrostatic precipitator that was 
patented in 1884. In 1907, electrostatic precipitators were used for cleaning industrial gas. 
Cottell, a professor of chemistry at the University of California, used an electric 
precipitator as a tool to clean the polluted environment. 
Development of Electrostatic Precipitator 
Townsend and J. J. Thosmon were the pioneers in investigating the electrical 
corona discharge in the early 1900's. Loeb and his associates at the University of 
California at Berkeley conducted a study on the fundamentals of coronas. Mierdel and 
Seeliger in the 1930's carried out further research on electric fields and the influence of 
charged particles on voltage-current relationships. Initial fundamental studies of the 
phenomena involved in the charging of the dust particles were published by Rohman in 
1923. This research led to the establishment of the principles of field charging. This is a 
process in which dust particles acquire electrical charges by colliding with gas ions that are 
moving under the influence of the electrical field in the precipitator. Hewitt published his 
experimental findings of particle charging in 1957. Pioneering studies on the theory of 
collecting small particles on electrically charged surfaces were made by Deutch in 1922. 
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Advantages of Electrostatic Precipitators 
1. Have collection efficiencies in excess of 99% of all particulate, including sub-micron 
size particles. 
2. Usually collect dust by dry methods. 
3. Have lower pressure drop and therefore lower operating cost. The total pressure drop 
in an electrostatic precipitator is usually less than 1 in WC. (ACGIH, 1984; ASHRAE, 
1983) 
4. Can operate at high temperatures up to 1200°F and in cold climates. 
5. Allow increase in collecting efficiency by increasing precipitator size. 
6. Requires little power. 
7. Can effectively handle large gas flow up to 24300 m/s. 
Disadvantages 
1. Have a risk of explosion when gas stream contains combustibles. 
2. Produces ozone during the gas ionization. 
3. Requires special precaution to protect personnel exposure to high voltage. 
4. Does not respond well to process changes such as changes in gas temperature, gas 
pressure, gas flow rate, dust loading, particle size distribution or electrical conductivity 
of dust. 
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Factors Affecting the Efficiency of the Electrostatic Precipitator 
1. Larger collection surface areas and lower gas flow rate increase the efficiency 
because of increased time available for electrical activity to treat dust particles. 
2. An increase in dust-particle migration velocity to collecting electrode increases the 
efficiency. The migration velocity can be increased by: 
a) Decreasing the gas viscosity. 
b) Increasing the gas temperature. 
c) Increasing the voltage field. 
Principle of Electrostatic Precipitation 
The collection of particles by electrostatic precipitation involves two separate and 
distinct operations. First, the particles must acquire electric charges, and second, the charged 
particles must be accelerated towards an electrode of opposite polarity by electric field. 
Aerosol removal is accomplished through the following steps: Initially, a charge must be 
placed on an aerosol. Then the corona is usually established at high negative DC voltage 
aroimd a coaxial cylinder or between parallel plates at ground potential. The electric field 
near the surface of the wire accelerates fi'ee electrons which ionize the gas molecules, 
resulting in the characteristic corona glow. Aerosols passing the corona are ionized. The 
attraction of the charged particles toward a collection plate is a function of charge acquired. 
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Corona Generation 
Oglesby (1978) found that a high potential electrode is required to generate a 
corona discharge. Then gas ions are formed by electrical breakdown of the gases 
surrounding the electrode. Corona is a gaseous discharge used to charge the aerosol 
particles. Corona formation occurs when an electrical potential is increased between two 
electrodes to a level where there is a breakdown of the gas. The corona is usually 
established between a fine wire, or active electrode maintained at a high vohage and a 
smooth cylindrical or plate at opposite or ground potential. When the wire is connected to 
the negative voltage, a current will flow from the wire to the collecting plate. With wire at 
negative polarity, the positive ions are attracted to the wire and negative ions are attracted 
to the ground plate. A corona discharge is generated most frequently in order to electrify 
small dielectric or conducing particles. A charged particle is an electric field experiences a 
force, so that is widely used in electrostatic precipitator. An electrode system such as this 
will produce a non-uniform electric field. Near the wire the magnitude of the electric field 
will be high and it will decrease rapidly with distance from the wire surface. 
Precise modeling of the corona field is of primary importance for determining and 
optimizing precipitator performance. There are many techniques for modeling corona 
discharge problems. Some of them are listed below: 
1. Boundary Element Method (Adamiak, 1994) 
2. Method of Characteristics (Adamiak, 1994) 
3. Charge Simulation Technique (Elmousri and Castle, 1987) 
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4. Electrostatic Precipitator Models (EPVI) [EPA, 1992] 
Some equations are used in these models: 
a) Laplace's equation 
b) Poisson's equation 
c) Maxwell's equation. 
Particle Charging 
Particle charging is a first basic step in the electrostatic precipitation process. It is 
therefore, essential to provide a high degree of charging as a part of a collection process. 
This is accomplished by passing the particle by the high voltage DC corona which exists 
between the precipitator electrodes. Either positive or negative corona may be used. 
Particles near the corona discharge becomes charged by collision with negative gas ions. 
The ions are retained on the particles by the charge. 
Two distinct particle charging mechanisms occur in the corona field of a 
precipitator. The most important is charging by ions driven to the particles by the force of 
the applied electric field. The particles in this case are charged by bombardment of rapidly 
moving ions in the electric field. Charging continues until the particles become saturated 
with a charge and then other ions are repelled. A secondary charging process occurs due to 
the phenomenon of ion diffusion which depends on the thermal energy. 
Geometry of Discharge Electrode 
The electric field required for the onset of corona increases as the diameter of the 
wire decreases. Small diameter wire results in higher field strength near the surface. 
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However, the magnitude of the field rapidly decreases as the distance from the wire 
increases. On the other hand larger diameter wire results in low field strength near the wire 
surface and the value of electric field falls less rapidly away firom the wire. The applied 
voltage, V, to generate an electric field of a critical value can be determined by integrating 
the electric field from the surface of the corona wire to the outer electrode. 
When the critical voltage for onset of the corona is reached, free electrons in the vicinity of 
the wire are accelerated to the ionization energy. 
Vg = 30 ad + 9 -v/ad ) In b/a 
VQ = starting voltage 
r = radius of where the value of the electric field is desired 
a = diameter of the wire 
Ec = corona on set field strength 
d = density of the medium 
b = distance between the wire and collection electrode 
From this equation it is clear that reducing the size of the corona wire will result in a 
decrease in applied voltage necessary to initiate corona. Ultimately a wire diameter is 
reached where VQ become equal to sparkover voltage, and corona is no longer possible. 
30amd(l + 0.3 
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For smaller wires, there is a corona regime which extends from onset voltage to spark 
voltage Vsp. The corona regime widens as the wire size decreases. Peek states that for very 
fine wires the spark over voltage rises. In practice, with rough and dust coated wires 
corona onset usually will occur at vohage 30 to 40% lower than indicated (Peek, 1929). 
Very fine wires of 10 to 20-mil diameter have high values of EQ, but the field drops 
off rapidly near the wire. Large wires have smaller values of EQ but the field gradient falls 
off more slowly. There is thus a compensation between Eg and the field gradient in the 
neighborhood of corona wire. The larger the wire size the higher the starting voltage, the 
steeper the current-voltage curve. Wire sizes of around 0.3 cm (0.11 in) diameter is used 
for most wire-type corona electrode as representing a reasonable compromise between 
mechanical strength, required voltage and electric field. The effect of increasing the 
diameter of discharge electrode is to increase the electrostatic component of electric field 
for equivalent current densities. 
Larger corona electrode wires have been used to give a higher electric field when 
collecting high resistivity dust. The trade off is between what is required for charging the 
dust which involves a large number of ions and a high field. 
For a given applied voltage above the corona starting voltage, the corona current 
will decrease as wire radius increased. For the same average current densities at the plate, 
the space charge density near the wire will decrease as wire radius increases. The higher 
applied voltage results in higher value outside the region of ionization and consequently 
faster migration of ions toward the plate. The spirally wound wire, the maximum field 
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strength at its surface is l/m2 time greater than that at the surface of a corresponding wire 
for the same appHed voltage where m2 = roughness factor of the wire. The value of m2 
varies with a narrow range of 0.69 to 0.71 and can be taken as 0.7 for practical purposes. 
Brown (1974) presented an equation relating many factor for evaluation. 
I = - (V-V,) 
R'Ln(R/a) 
I = Corona current per xmit length of discharge electrode 
b = Mobility of ions 
V = Applied voltage 
Vc = Corona starting voltage 
a = Radius of corona wire 
R = Distance between corona wire and collector surface. 
From this equation it is clear that corona current depends on applied voltage, corona radius 
and distance between the discharge electrode and collecting plate. It also depends on the 
applied voltage, corona wire radius and distance between the discharge electrode and 
collecting plate. It also depends on the gradient between starting voltage and applied 
voltage. The corona current increases as the applied voltage increases and reduces as the 
distance between corona discharge electrode and collecting plate is increased. 
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The Effect of the Dust Particles 
Particles deposited on the corona wire can effect the corona discharge in two 
separate ways. First, small deposits may produce localized high field regions which tends 
to emit corona at reduced voltage. The effect is to reduce corona starting voltage and the 
whole corona-current curve to a lower voltage region. When this occurs, the corona 
current will be higher and current voltage will be lower than normal. Second, heavy 
deposits on discharge electrode tend to suppress corona current efficiency by increasing the 
wire diameter and by causing the voltage to drop. This is due to the current flovwng 
through a resistive dust layer. A heavy discharge electrode deposit may cause a non­
uniform electron generation over the wire length which will cause the corona current to 
flow unevenly. The net result is reduction in precipitator efficiency. 
High Voltage Supply 
For efficient precipitation the voltage must be high enough to ensure a flow of ions 
to the dust. This voltage must not be so high to create flashover between wire and the 
plate. The required maximum voltage will vary depending on the type of precipitator, the 
type of electrode, distance between discharge and collection electrode, gas condition and 
type of the dust to be collected. As in theory the optimum voltage is just less than the 
value corresponding to flash over between wires and plates. 
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Dust Resistivity 
The charging process of the dust is affected by its resistivity and electrical 
characteristics. The resistivity is a fiindamental property of material and does not depend 
on dimension. The most important use of dust resistivity is to give an estimate of time 
taken for any charge created to leak away. Of the dust particles entering a precipitator, 
whatever their resistivity, the majority will attain a required practical limiting charge 
within a second. In case of dust having medium resistivity, the charge will slowly leak 
away resulting in a weak attraction for the dust adhering to the plate. Low resistivity dust, 
below 10 ohm cm, will lose their charge upon impingement on the collecting electrode and 
received an opposite charge by induction. If this exceeds the force of adhesion the 
particles will be reintrained into the gas stream. Its charge will quickly be reversed by 
negative gas ions and the particles will again travel toward the collecting plate. High-
resistivity dust in the range of lO'' ohm cm have serious impact on the precipitation 
process. The performance of the precipitator will be reduced because of the buildup of 
high resistivity dust on the collecting plate and on the discharge electrode. The 
performance will also be affected by back ionization (back corona). Katz (1980) examined 
the factors affecting the resistivity in electrostatic precipitator. 
Particle Collection 
In an electrostatic precipitator, each charged particle has a component of velocity 
directed toward the collection plate. The velocity at which a particle moves toward a 
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collection plate is governed by the magnitude of electric and viscous drag forces. The 
motion of charged particles suspended in a gas and under the influence of an electric field 
is governed by Newton's law of mechanic. Four principal forces act on a particle; 
gravitational, electrical, viscous and inertial. The important forces acting on particles are 
electrical and viscous forces. Oglesby and Nichols (1978) reported that gravitational and 
inertial forces are at least two decimal order of magnitude less than electrical forces and 
considered negligible. 
The four forces acting on a particle in a precipitator are: 
1. gravitational forces 
Fg =mg 
2. electrical forces 
Fe = qE 
3. viscous forces 
Fh = 67rahw 
Where E = electric field 
q = charge on particle 
h = viscosity of a medium 
w = velocity of a particle 
m = mass of a particle 
g = acceleration gravity 
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a = diameter of dust particle 
The equations of above force acting on a particle are shown below: 
SF, = Fe-Fh-Fi(x) = 0 
SFy = Fg-Fi(y) = 0 
by solving the above equation 
F e - F h - F i = 0  
qe = 6ahw -m dw/dt = 0 
rearranging = dw/dt + 67iahw/m = (q/m)e 
The above equation is a linear differential equation. Solving for w 
w = qe/67tah [1-exp (-67taht/m)] 
the term m/67rah, denotes the time constant (G) of the motion. The w will reach its 
terminal value within 5 times the constant (G). Oglesby and Nicholas (1978) indicated that 
the residence time for dust in an electrostatic precipitator is 2 to 5 seconds. Larger 
particles, 50 micron and above have short acceleration time compared to residence time 
and are completely collected. The residence time for small particles is large compared to 
acceleration time, so the exponential part could be omitted so the equation could be 
arranged to 
w = q X Ep/67iah 
Particle collection in an electrostatic precipitator occurs when the charged, 
suspended particle move close enough to the surface of the collecting electrode to be 
trapped by the electric field. Particle trajectories are determined by the combined effect of 
the gas flow and the electric field. Migration velocities of the finer particles in the electric 
field are of the order of magnitude of 0.33 m/sec or less while the gas velocity through the 
precipitator is generally of the order of 1.65 m/sec to 3.3 m/sec. The particles are carried 
by the gas with little or no slippage, expect that caused by Coulomb force. It is clear that 
particle motion for particles smaller than 10 micron or 20 micron are determined by mainly 
the gas flow and only secondarily by electrical effect. For larger particles the electric 
forces do play a greater role in determining the particle trajectories. 
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MATERIALS AND METHODS 
Test Chamber 
An environmental chamber located in the Bioenvironmental Engineering 
Laboratory in Davidson Hall was used for the laboratory experiment. The chamber 
consisted of one room. The dimension of this room is 4.5 m long x 3.4 m wide x 2.25 m 
high. Three sidewalls and the ceiling were made firom gypsum board. One sidewall is 
made of tile blocks. The floor is solid concrete. A Plexiglas observation window 
measuring 1.125 m x 0.825 m is located in one wall to monitor the activity in the chamber. 
Also this window contains three openings 1.26 cm in diameter. These openings were used 
to pass the wires which connected the negative power supply to the discharge electrodes in 
the test chamber. The test chamber has an access door. The ceiling has two recessed light 
fixtures located in the ceiling (Figure 1). 
Equipment 
Laser Particle Counter 
A MET One model 217 laser particle counter was used to measure the dust 
concentration. It is a microprocessor controlled counter that can count two particle sizes 
simultaneous. The particle counter uses a solid-state laser diode source and collection 
optics for detection of airborne particles. The particles deflect light energy from a solid-
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Figure 1. Floor plan of experiment chamber and location of the ionization system 
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state laser diode onto a collection optic. The collection optics focus the light on a photo 
diode that converts the burst of light into electrical pulses. The pulses' height is 
proportional to the particle size. The counter is portable, measuring 15.24 cm wide, 10 cm 
high and 29.71 cm deep and weights 7.5 lbs. The sample flow rate is 47.2 x 10^ m^/s. It 
has a maximum count displayed of 99 x 10^. It can be operated in a wide range of 
operating temperatures (12.77°C to 40.56°C) and humidity (0 - 85%). The particle coimter 
has an external printer. The counter has a coincidence error of less than 5% at 106 x 10^ 
particle per cubic meter. A zero count test is performed on this counter to verify that the 
particles have not contaminated the counter, causing an inaccurate count (Figure 2). 
The Commercial Ionization Unit ("Alpine^ 
The commercial ionization unit produced ions in the unit and distributed the ions 
into the room by a fan moving air through the unit. This unit electrically charged the 
airborne particles such as dust, pollen and bacteria to remove them from the air. The unit 
used in this experiment is a model 150 by Alpine which is equipped with two controls, 
one for air movement and the other for airflow regulation. The unit is designed for either 
positive or negative ions (Figure 3). 
^ No endorsement intended 
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Figure 2. Model 217 Laser Particle Counter 
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Static Sensor 
This sensor is used to measure the static voltage in volts. The sensor used in this 
experiment is 709 static sensor manufactured by a static control system of 3M Company. 
Taking measurements using this sensor is done at the required distance by pointing the 
sensor toward the object or the surface to be measured. The static voltage is equal to the 
meter value multiplied by the number of the inches between the sensor and the object. The 
sensor has two scales: Low scale (Lo) and High scale (HI). In the case of low scale, the 
static voltage = Reading x Distance (inches). For example, if the reading is 200 and the 
distance between the sensor and the object is 1 inch, the static voltage will be 200 x 1 = 
200 V. In case of high scale the static voltage = Reading x multiplier x Distance. When 
using high scale the display must be multiplied by 10 (Figure 4). 
Power Supply 
The power supply uses 115 V, single phase AC. The power supply uses a 
transformer and converter to change AC to a high voltage DC current. Only the negative 
power supply was used in this experiment. The corona generating electrode was charged 
by negative power supply which was rated at 24 KV with respect to ground. The power 
supply carried a maximum current rated 0.5 amperes. 
The negative electrode was directly connected to the wire which leads to the power 
supply. The collection electrode was not directly connected to any power supply, instead it 
was grounded (Figure 5). 
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Figure 4. 709 Static Sensor 
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Figure 5. Negative power supply 
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The Fogger 
The insecticide Burgess Electric fogger model 958 was used to finely disperse a 
mass of wet and dry fogs. It dispersed particles of approximately 0.5 micron in diameter. 
The particle size is generated to simulate particle size of dust and aerosol present in 
livestock buildings. This fogger consists of a liquid container, compressor and a barrel. 
The fogger used water to generate the fog. The type and volume of the fog was regulated 
by the appropriate adjustments on the unit (Figure 6). 
Ionization Systems 
Three ionization systems were tested and evaluated in the lab chamber. The first 
system is prototype system (1) with 5 wire electrodes spaced inches apart with 3 plastic 
plates as neutral collecting plates. The dimension of this system was 60.96 x 30.48 x 25.4 
cm. The ionization system hung from the ceiling of the chamber 2 m from the end wall 
and 0.66 m from the side wall of the test chamber (Figure 7). 
The Second Ionization System Description 
System (2) is a prototype design developed based on the results from the laboratory 
test of the first prototype design. This system includes 10 wire electrodes space 5.08 cm 
apart. The wire electrodes are supported by circular PVC pipe (2.54 cm in diameter). The 
system does not have any enclosure leaving the wire electrodes exposed. This has a 
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disadvantage of electrical shock if accidentally touched. But the advantage of not having it 
enclosed is that there is no restriction of the air flov^r carrying the dust to freely through the 
system. The length of the PVC supporting pipes is 1 m. Two rectangular sheets of metal 
are used as collection plates. The dimension of these plates are 22.86 x 30 cm. The 
distance between the two plates is 1 m. The ionization system was located 2 m from the 
south wall and 0.66 m from the west wall of the test chamber (Figvire 8). 
Sampling Approach 
1. Obtain sample with the system "on" and "off' 
2. Obtain samples to compare the effectiveness of the two different types of dust control 
systems. 
Sampling Procedure 
Sample length was 1 minute, with sampling intervals of 2 sec between each two 
samples. The samples were collected by using the laser particle counter for different time 
periods but at least 10 minutes. The sampling length for individual samples varied from 
time to time. 
Data Collection 
The initial concentration in the test chamber was measured when the ionization 
system was off Particle count data was taken every minute for different sampling periods. 
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Figure 8. The second prototype ionization system 
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The aerosols are made available by simulating dust using the fogger which generates 
aerosols for a period of time. At the end of the generation period the initial concentration 
was measured. Then the ionization system was engaged. The percent of reduction for each 
test condition was calculated using an initial concentration and final aerosol concentration 
after the sampling period. This varied from test to test but at least a 10 minute sampling 
period was maintained. The analysis of the data is done in two ways: 
1. A mathematical method, which is described above. 
2. A graphical method in which the decay rate per length of time is calculated as follows: 
Log N = bo - (bi X T) 
Where N = number of particle 
b(, = intercept 
bi = slope 
T = time in minute. 
The slope of the decay rate is used to measure how fast the dust settled per unit time. This 
method describes the systems' efficiency. And also is used to compare the performance of 
different air cleaning systems. 
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RESULTS AND DISCUSSION 
First Prototype loni/ation System 
Table (C3) contains the values of the decay rates for the prototype of the first 
ionization system developed. It operates at 20 KV with 15.24 cm between collector plates. 
The data shows that this system removes larger particles at a faster rate than smaller 
particles. Figures 9-14 and Table 7 shows the average decay rates for particles with 
diameters of 0.3 microns and larger, 0.5 microns and larger, 1.0 microns and larger, 2.0 
microns and larger, 5.0 microns and larger, and 10.0 microns and larger. The figures show 
semilog fits of least squares with values of 0.9852 to 0.9960. Table 1 shows that the 
removal rate increases progressively as the particle size increases. The negative slope is 
shown to increase consistently as each of the smaller diameter ranges are removed firom the 
data being evaluated. 
Table 7. The average decay rate for the two ionization systems evaluated using aerosols 
Particle size Slope R^ 
first prototype 
0.3 and larger -0.0145 0.9871 
0.5 and larger -0.01547 0.9844 
1.0 and larger -0.01865 0.9887 
2.0 and larger -0.0204 0.9808 
5.0 and larger -0.02740 0.9960 
10 and larger -0.03181 0.9852 
second prototype 
0.5 and larger -0.0496 0.9835 
0.7 and larger -0.03948 0.9792 
1.0 and larger -0.06434 0.9869 
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Figure 9. The dust decay rate for particle of 0.3 micron and larger by using 
first prototype ioni2ation system (average slope). 
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Figure 10. The dust decay rate for particle of 0.5 micron and larger by 
using prototype of the first ionization system (average slope) 
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Figure 11. The dust decay rate for particle of 1.0 micron and larger by 
using prtototype of the first ionization system (average slope) 
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Figure 12. The dust decay rate for particle of 2.0 micron and larger by 
using prototype of the first ionization system (average slope). 
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Figure 13. The dust decay rate for particle of 5.0 micron and larger by 
using prototype of the first ionization system (average slope) 
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Figure 14. The dust decay rate for particle of 10.0 micron and larger by 
using prototype of the first ionization system (average slope) 
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Second Prototype Ionization System 
A different particle counter was used to measure the aerosol particles for the second 
prototype evaluated. This unit and different breakout ranges for particle sizes. 
Figures 15-18 and Table (C4) shows the decay rates for the three particle sizes 
evaluated. The maximum aerosol removal for 0.5 micron and larger, 0.7 micron and larger, 
and 1.0 micron and larger and slopes of -0.0833, -0.06917, and -0.0694, respectively. 
Table 7 shows the average decay rate using the second prototype built. This 
version shows rates of removal approximately three to fovir times those of the first system 
tested. The average rate of removal for particle sizes of 0.5 micron and larger, 0.7 micron 
and larger, and 1.0 micron and larger having average slopes of -0.0496, -0.03948, and 
-0.06434, respectively. 
After ten minutes of test 79% of the dust was removed by this system for aerosols 
of 0.5 microns and larger and 83% for 0.7 micron and larger by the second prototype in a 
10 minute period. Only 77% of 1.0 micron and larger aerosol was removed by this system 
during the ten minute period. Why the lower efficiency for the 1 micron and larger 
compared to the 0.7 micron and larger is not well understood. 
A t-test was made to see if the variability of aerosols concentration can affect the 
dust decay rate for different particle sizes. The data were grouped into four groups. Each 
group represents a range of particle counts. The size of the group increases by a magnitude 
of 10. For the aerosols of 0.5 micron and larger the t-test showed that for some groups the 
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slopes were affected of the aerosol concentration. The large group of data was in the range 
•J 
of 10 particle count. For this group the dust decay rate was not affected by the variation 
of aerosol concentration. See Table 8. For 1.0 micron and larger the t-test showed that the 
dust decay rates were not affected by the variation of aerosol concentration. See Table 9. 
Table 8. The effect of ionization on the decay rate of aerosol of 0.5 micron and larger for 
the second ionization system 
Group # runs bo bi SDT err t-test 
group value 
1 9 3.0250 -0.05810 0.987 0.010280 1-2 3.623** 
2 25 3.5375 -0.03767 0.952 0.005544 2-3 Ns 
3 5 4.4835 -0.03570 0.997 0.001374 3-1 2.161* 
4 3 5.0828 -0.44739 0.984 0.005601 4-3 Ns 
1 10^ 
2 10^ 
3 lO'* 
4 10^ 
*Significant P > 0.025 
**Significant P > 0.005 
Table 9. The effect of ionization on the decay rate of aerosol of 1.0 micron and larger for 
the second ionization system 
Group #runs bo bi SDT err t-test 
group value 
1 18 2.5646 -0.04510 0.973 0.00960 1-2 Ns 
2 5 3.3880 -0.03180 0.968 0.00679 2-3 Ns 
3 4 -0.03663 -0.03663 0.965 0.00370 3-1 Ns 
1 10^ 
2 10^ 
3 lO'* 
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Figure 15. The effect of ionization on the decay rate of dust particle of 
0.5 micron and larger by using the second prototype (maximum slope) .  
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Figure 16. The effect of ionization on the decay rate of dust particle of 
0.5 micron and larger by using the second prototype (average slope) 
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Figure 17. The effect of ionization on the decay rate of dust particle of 0.7 
micron and larger by using the second prototype ionization system 
(maximum slope) 
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Figure 18. The effect of ionization on the decay rate of dust particle of 0.7 
micron and larger by using the second prototype ionization system 
(maximum slope) 
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The aerosol decay rate was also calculated when the ionization system was off. 
The slope varied from one test to another. For 0.5 micron and larger, the largest aerosol 
decay rate by natural decay was -0.01710 and the lowest decay rate was -0.0003. For 1.0 
micron and larger the highest slope obtained was -0.0211 and the lowest slope obtained 
was -0.00035. Rosentrater (1994) found that the average gravitational decay was 
(-0.00083). The Alpine ionization system was compared with no ionization dust control. 
It showed no significant difference in dust decay rates (Figures 19-21). 
When this system was compared with the Alpine ionization system, it resulted in a 
dust decay rate that was significantly higher (Figure 22). 
Table (C7) shows the percentage of reduction in aerosol concentration by using the 
second ionization system based on the entire sampling period. 
Table 10 shows the maximum, minimum and average percentage of aerosol 
reduction by using the second ionization prototype. 
Table 10. Efficiency of the ionization system 
0.5 micron 0.7 micron 1.0 micron 
Maximum 94.82% 95.21% 95.30% 
Minimum 56.79% 56.53% 56.02% 
Average 78.92% 83.26% 76.80% 
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Figure 19. The decay rate of dust particle of 0.5 micron and larger by 
using the gravity (control average slope). 
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Figure 20. Tlie effect of ionization on the decay rate of 0.5 micron and 
larger by using Alpine ionization system. 
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Figure 21. Comparsion between dust concentration reduction by using the 
second prototype ionization system and the control. 
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Figure 22. Comparsion between dust concentration reduction by using the 
second protype ionization system and Alpine system for 0.5 micron dust. 
77 
The low removal rate of this first prototype system is probably due to the dust being 
collected more rapidly on a charged plate than on a neutral plate (Bundy, 1974). This system has a 
neutral collector plate which may effect its efficiency. But when this system is compared to a 
previous version operated at 20 KV and tested by Rosentrater (1994), it can be seen that the decay 
rate of this system is higher than some other systems evaluated (Table 11). Version 1.1 (Rosentrater, 
1994) with steel angles operating at 20 KV had a slope of -0.01221. The carbon wire was made by 
stripping the coating fixim spark plug wires. This system performed better than version 2.1 and 3.1 of 
steel angle and steel collector ionization systems. When using this system to remove 0.5 micron dust 
particles and operating at 20 KV, it had a slope of (-0.02740). It had a slope of -0.02755. The first 
prototype did not have a collector system. When investigating the earliest version the slope for 0.5 
micron the following example indicated an improvement of this system in terms of slope per cm of 
discharge electrode. 
Table 11. The dust decay rates of some ionization systems (Rosentrater, 1994) 
Type of system voltage (KV) 
8 15 20 
Steel angle spring A 1.1 SPA - - -0.01766 
Steel angle spring A 2.1 SPA - - -0.01670 
Steel angle spring A 3.1 SPA - - -0.01919 
Steel wire version LIST -0.00776 -0.02243 -0.02755 
Steel wire version 2.1ST - -0.01680 -
Steel wire version 3.1ST - -0.01851 -
Steel 2 wire version 1.2ST -0.00832 -0.01423 -0.02188 
Steel 2 wire version 2.2ST - -0.01998 -
Steel 2 wire version 3.2ST - -0.01508 -
Spark plug wire version 1.1 -0.00347 -0.01048 -0.01221 
Spark plug wire version 2.1 - -0.00912 -
Spark plug wire version 3.1 - -0.0087 -
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Comparison of Three Ionization Systems 
A t-test was made to determine the difference between dust decay rates for different 
ionization systems (Table 12). The first ionization system and second ionization system 
were significantly different (P < 0.005). The statistical analysis showed that there was no 
difference between the dust decay rate for the Alpine ionization system and gravity. Also 
the t-test showed that there was no difference between the first system and the gravity. 
Table 12. The effect of ionization on the decay rate of aerosol of 0.5 micron and larger 
(concentration of aerosols 10'' particles) 
Group #runs bo b, SDT err t-test 
group value 
1 7 4.1240 -0.01437 0.976 0.01032 1-2 1.919* 
2 5 4.4835 -0.03570 0.997 0.00639 2-3 3.856** 
3 5 4.7350 -0.0090 0.934 0.00380 3-4 Ns 
4 6 4.6380 -0.0077 0.963 0.568 4-1 Ns 
1 First ionization system 
2 Second ionization system 
3 Alpine ionization system 
4 gravity 
* Significant P > 0.025 
** Significant P > 0.005 
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Principles and Guidelines for Electrostatic Precipitator Design 
The following parameters should be considered before designing any electrostatic 
precipitator. 
1. applied voltage 
2. current 
3. plate area 
4. total wire length 
5. corona wire radius 
6. number of wires 
7. wire-to-plate spacing 
8. wire to wire spacing 
9. gas volume flow rate 
10. gas temperature 
11. gas pressure 
12. gas viscosity 
Initiation of Corona 
Electric field strength at which corona discharge begins is calculated as follows 
E,, = (3 X 10') X m X (8 + 3.0 X ^/57a) 
where a = radius of corona wire (m) 
m = wire roughness factor 
5 = relative air density = (To/T) (P/PQ) 
Ec = corona starting electric field v/m 
P = pressure of the air, atm 
T = Temperature of air, K 
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T„ = 298K 
Pq = 1 atm 
From corona initiation electric field we can calculate applied voltage required for corona 
initiation, v^ 
y. = (3 X 10®)X 9 X m (6 + 3.0 x V6 /a)x In(R/a) 
where R = distance between the wire electrode and the collector electrode. 
The optimum condition in an electrostatic precipitator occurs at a voltage that can 
produce a large number of negative ions that flow from the discharge electrode towards the 
collector plate. Brown (1974) presents an equation that relates different parameters: 
2b 1 = — (v - v^)v 
RMn(K/a) 
where i = corona current per imit length of discharge electrode 
b = mobility of ions 
v = applied voltage 
Vc = corona starting vohage 
a = radius of corona wire 
R = distance between the corona wire and the collector surface. 
Sizing of Electrostatic Precipitator 
Using the following equation as numerical tools for designing and sizing of the 
precipitator. 
1. Deutsch-Anderson equation 
2. Matts-Ohnfeldt equation and 
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3. EPA/SRI computer sim 
Deutsch-Anderson Equation 
Deutsch-Anderson collection efficiency 
penetration fraction (P) = 
percent efficiency (t|) = loo (1-e"™'^) 
where AfV is the ratio of the collecting plate area to volume of gas flow, (w) is electrical 
migration velocity of dust of a particular size. 
The Matts-ohnfeldt equation sometimes is called the modified Deutsch equation 
Efficiency (ti) = loo ^ 
Both the parameter W|., which has the physical dimension of velocity and exponent k are 
empirical parameter. The value of k typically ranges between 0.4 - 0.6. 
Wk = (V/A) (loge(100/P))' 
EPA/SRI computer simulation. Another method of precipitator sizing uses the computer 
program (ESP model) developed by Southern Research Institute under sponsorship of the 
U.S. Environmental Protection Agency. The computer program mathematically computes 
the charging and collection of dust particles that move through a single gas passage of a 
precipitation. 
Since arcing occurs more frequently with high voltage when dust has collected on 
the charging electrode, it is preferred to keep the voltage below 20 kv. The smallest wire 
possible without breaking will allow for the smallest voltage requirement and maintains 
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electron and negative ion generation. A practical limitation of wire size was 0.15 mm 
diameter. 
Effect of Wire Size on Electron Generation 
Two wire sizes were used in testing the effect of wire size on electron generation. 
One wire was 0.15 mm and the other was 0.3 mm. The test was carried out inside the 
particle removal chamber. Different voltages were applied and static voltage was 
measured by using a 3M 709 static sensor. The test showed that static voltage increases as 
the applied voltage increases. The test showed that as the wire radius decreases the static 
voltage increases (Figure 23) and that the static voltage increases as the distance between 
the collector and discharge electrodes decreases (Figure 24). Atia (1991) found that field 
strength increased as the diameter of wire increased. The corona requires a high applied 
voltage to be initiated so increasing the corona wire will lead to higher applied voltage and 
lower field intensity at the surface of the wire at corona onset. The average current density 
at the plate was maintained because of higher applied vohage which is required to produce 
ionization as the wire size is increased. This higher applied voltage resulted in higher 
vEilues of electric field intensity outside the region of ionization and consequently faster 
migration of ions toward the plate. Table 11 verifies that the aerosols removed were lower 
with the carbon wire (spark plug) which has a larger diameter than the other systems. 
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Appl ied vouag©CK:v;3 
+ 0 iSmn 0=16Qcm O 0 15mm D=190cm 
d 0.3mm 0=190cm 
Figure 23. The effect of wire sizes and distance on the static voltage 
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Figure 24. The effect of distance between the collector and discharge 
electrode and the effect of applied voltage on the static voltage. 
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High DC Voltage Safety 
Typically, an electronic air cleaner uses a DC voltage of 12 KV or more to create 
the ionizing field (ASHRAE, 1989). The high voltage requires some safety measures to be 
considered. Because the operation of an electrostatic precipitator involves high voltage, 
caution should be taken when operating, inspecting and trouble shooting to avoid electrical 
shock (MacDonald, 1982). Commercial electrostatic precipitators used in line with air 
distribution ducts operate at a higher current than the open system described in this study; 
therefore, the recommendations for those units should not be confused with this unit. 
The only regulations specified by OSHA as being applicable to safety practices 
around precipitators concerning high voltage are (1) the National Electrical Code (NEC) 
found in 29 code of Federal Regulation 1910 subscript S and also in the National Electrical 
Safety Code. Electrical shock could happen to workers and operators of electrostatic 
precipitators when encountering a hazardous situation due to failure, misuse or faulty 
condition of electrostatic precipitators. A spark may occur when an accumulation of a 
charge occurs on an object resulting in a rise in potential with respect to surrounding 
(Veenhuizen, 1989). A greater build-up of static charges or direct contact with high 
voltage electrodes can cause a serious shock hazard. The harzard of an electric shock is not 
the magnitude of the voltage but of the current. Thus a high-voltage power supply giving 
resistor of 10^ ohm on the outlet can only give a current of 50 mA. 
1. Electrical shock cein cause the following conditions: painful shock from direct contact, 
a resulting action from the electrical shock contributing to a secondary hazard (falling, 
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dropping tools), flesh bums at points of contacts and death if the victim is not saved 
firom energized conductor within a reasonable time. A pure direct contact produces a 
steady sensation of intense heating and burning along the current path with slight 
muscular contraction. Any current flow of 10 mA through the body can cause only 
secondary hazards such as falls. A current of 60 mA to 80 mA can cause a painful 
sensation with no tissue damage. By increasing the current the hazards will be 
increased. When the current reaches 500-2000 mA, fibrillation will appear when a 
person contacts live parts for more than 0.25 sec. Table 13 shows the time and current 
intensity needed to produce ventricular fibrillation (John, 1994) 
Table 13. Time and current intensity needed to produce ventricular fibrillation 
Current intensity (mA) Time (sec) 
70-300 5.00 
200-700 1.00 
300-1300 0.30 
500-2500 0.10 
>2500 0.01 
The following factors should be considered carefully when working with any electrical 
equipment involving a high voltage. 
1) Selection and location of the equipment 
2) Knowledgeable application of protective device 
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3) Application of grounding techniques 
4) Physical protection of wiring 
5) Interrupting capacities. 
Application of Grounding Techniques 
Grounding is very important for the safety of the people and property and 
protection from lightening. Article No 250-3 of NEC for 1987 stated that for any system 
supplying 2 wire DC voltage shall be grounded with some exception in some cases in 
which grounding could cause electrolysis on undergroimd pipes. Article No 250-5 of NEC 
covers DC systems obtained from a rectifier supply by AC current. This case is typical to 
the electrostatic precipitator system in which the AC current is transformed to DC current 
by a transformer (rectifier). 
The grounding system involves connecting electrical or electronic equipment to be 
safeguarded by means of a conductor of suitable size to actual ground. One method of 
grounding is external from the system and used to protect people from electrical shock. 
This method is called grounding conductor. The ground conductor is used to reduce the 
possibility of electrical shock by keeping all exposed metallic parts at zero voltage. 
Physical Protection of Wiring 
Where subject to physical damage, conductors shall be adequately protected 
especially in agricultural buildings where excessive dust and dust with water may 
accumulate. Such buildings and all areas of totally enclosed and environmentally 
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controlled poultry and livestock system, where litter dust, feed dust may accumulate and 
cause damage to wiring systems which lead to electrical system failure and accidents. All 
fine wires should be kept in tension. 
Interrupting Capacities 
Any electrical system involving high AC or DC voltage should be equipped with 
devices intended to break the current at fault level and have an interrupting rating at system 
vohage sufficient for the current to be interrupted. The basic purpose of the overcurrent 
protection is to open the circuit before the conductor or conductor insulation is damaged 
when an over current condition occurs as a result of overload, ground fauh or a short 
circuit. 
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SUMMARY AND CONCLUSION 
Tests were conducted in the environmental chamber to determine the effectiveness 
of the charging mechanism and collector in removing dust from the air. Tests were also 
conducted in the laboratory to determine the effect of the wire size on the negative ions and 
electron generation. 
Ionization has been found to reduce dust and aerosols firom livestock buildings. 
This project looked at improving past designs. The first prototype was not found to be an 
improvement over previous designs. The second prototype without a collector system 
improved in increasing the rate of removal of the aerosols generated. Even though, 
aerosols have been found to be a substitute in evaluating dust removal systems by 
electrostatic precipitation, it does not visually show where the dust particles migrates. 
The second prototype showed that the system performed better than previous ones 
evaluated and better than the commercial unit on the market that is used for the same 
purpose. Other findings include; 
1) Based on dust decay rate for different particle sizes the larger particle is removed 
faster than smaller particles for the second prototype tested. 
2) The performance of the second prototype was not constant all the time depending 
on the aerosol level. 
3) The slope method is better than the percentage method in determining the 
performance of the system because the slope method shows how fast the dust 
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decayed by ionization when the percentage method gives only how much the dust 
decayed by ionization regardless of how long it takes to achieve. 
4) The disadvantage of the second ionization system is that it didn't have collectors to 
contain the collected dust, so the dust might attach to the walls or drop to the 
groimd. So the second systems need to be modified to solve the problem of 
collection. 
The study also looked at the voltage changes and charging wire size. The findings 
include: 
1) The test showed that the static voltage increases as the applied voltage increased. 
2) The test showed that the static voltage increases as the wire size decreased. 
3) The test showed that the static voltage increased as the distance between the 
collector and discharge electrode decreased. 
4) Reviewing the voltage-current relationship for corona discharge revealed that it is 
not practical to derive equations representing the process of electrostatic 
precipitation on theoretical basis alone. Empirical and semi-empirical equations are 
the basis for electrostatic precipitation design. 
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APPENDIX A. ABBREVIATIONS 
AC: Alternative Current 
ACGIH: American Conference of Governmental Industrial Hygienists 
ACNN: Automatically Natural V entilation 
ANSI: American National Standards Institute 
ASHRAE: American Society of Heating Refrigeration and Air-Conditioning Engineers 
BCFP: Bacterial-Colony Forming Particles 
CFM: Cubic Feet per Minute 
CFP: Colony Forming Particle 
DC: Direct Current 
E Coli: 
EPA; Environmental Protection Agency 
EPVI: Electrostatic Precipitator Model (4) 
FDA: Food and Drug Administration. 
Gram 
h; Hour 
HI: High 
HZ: Hertz 
ISU: Iowa State University 
KV: Kilo Volt 
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lo: low 
m: meter 
m^: Cubic Meter 
mA: Milliampere 
mg: milligram 
NDV: New Castle Disease Virus 
NEC: National Electric Code 
OSHA: Occupational Safety and Health Administration 
RAC: Respirable Aerosol Concentration 
RH: Relative Humidity 
RIS: Room Ionizer System 
ppb: Part per billion 
ppm: Part per million 
Sec: Second 
TLV: Threshold Level Volume 
TMC: Total Mass Concentration 
TWA: Time Weight Average 
V: Voh 
W: Watt 
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APPENDIX B. GLOSSARY 
Back-corona: Back ionization 
Collecting efficiency: Collecting efficiency of a precipitator is the percentage of dust 
entering precipitator that is removed by the precipitator. 
Collecting electrode: The electrode (usually grounded or positively charged) on which 
the charged dust is deposited in an electrostatic precipitator. 
Corona: A crown of electrical discharge from the plate on the conductor (usually point) at 
which there is an electric field high enough to ionize the surrounding gas. 
Corona Current: The current flowing in corona discharge. 
Migration Velocity: This parameter defined by the Deutsche-Anderson relationship, is 
related to average speed with which dust particle in an electrostatic precipitator 
moves towards the collecting electrode. 
Plate: Collecting electrode. 
Specific collecting area: The area of collecting electrode that an electrostatic precipitator 
has per unit volume-flow-rate of gas. 
Terminal velocity: The speed with which a particle falls in still air (or a gas) imder which 
a charged particle traverses a gas under the influence of an electric field. 
Threshold Limit Value: Registered trade mark of American conference of Governmental 
Industrial Hygienists (ACGIH). Refers to air-borne concentration of substance to 
which it is believed that nearly all workers can be repeatedly exposed eight-hours a 
day, over a working lift time without adverse affect. 
APPENDIX C. TABLES 
Table CI. Particle count with ionization with system. Prototype (2) on measured in particle > diameter specified per 
0.0027 m^ 
Date Size Time (min.) 
1 2 3 4 5 6 7 8 9 10 
10/3/94 0.5 5154 1944 1615 1478 1494 1454 1234 1167 1052 1075 
1.0 3367 978 833 743 730 746 657 610 539 551 
10/5/94 0.5 2163 1737 1503 1378 1180 1206 1045 1106 1000 1158 
1.0 870 740 621 597 502 727 439 457 410 503 
10/5/94 0.5 29856 25143 22954 23586 21324 19624 18272 17333 15725 15615 
1.0 24562 20645 19001 19456 17438 16173 14930 14481 12933 12943 
10/6/94 0.5 3193 3047 2923 2623 2433 2227 2132 2052 1831 1981 
0.7 1061 979 954 863 798 741 714 714 630 673 
10/7/94 0.5 1060 856 722 590 528 475 446 361 363 299 
0.7 370 284 231 199 172 169 139 125 116 93 
10/7/94 0.5 1823 1690 1386 1190 1204 1088 943 883 837 795 
0.7 525 522 420 378 370 333 272 268 238 243 
10/12/94 0.5 1694 1324 1172 1065 877 893 753 635 516 533 
0.7 1029 805 704 640 568 560 459 390 300 315 
10/12/94 0.5 3138 3343 3568 3095 2736 2541 2467 2382 2264 2194 
0.7 1962 2132 2330 1990 1844 1669 1635 1552 1483 1504 
10/17/94 0.5 2682 2809 2286 1893 1500 1137 1067 1089 1203 1037 
0.7 521 551 502 402 338 242 227 223 254 217 
10/17/94 0.5 1735 1499 1280 1392 1252 1325 1205 1247 1252 1220 
0.7 508 448 341 363 347 320 319 307 319 320 
10/18/94 0.5 1549 704 654 612 559 584 532 415 342 322 
0.7 777 268 262 269 253 247 241 200 158 138 
Tabled. Continued. 
Date Size Time (min.) 
1 2 3 4 5 6 7 8 9 10 
10/18/94 0.5 2700 2119 1726 1611 1552 1381 1377 1206 1069 1164 
0.7 417 314 291 245 247 214 202 199 170 168 
10/19/94 0.5 2466 1766 1260 1113 965 746 810 702 614 546 
0.7 1093 754 553 451 394 316 370 327 280 245 
10/19/94 0.5 1971 1157 920 774 598 624 553 455 350 392 
0.7 737 413 324 259 183 199 205 151 124 142 
10/20/94 0.5 1441 1500 1045 860 718 643 638 568 512 459 
0.7 475 500 323 291 217 214 222 181 192 141 
10/24/94 0.5 33102 33136 23487 16655 16200 14073 14508 15776 15073 15073 
0.7 28290 28290 19950 14245 13694 11969 12340 13366 12669 12892 
10/25/94 0.5 1610 1390 1060 896 835 684 716 570 558 478 
0.7 668 531 420 347 330 267 280 235 224 197 
imem 0.5 3190 2195 1850 707 1561 1271 1083 860 983 839 
0.7 553 419 347 310 297 261 197 163 177 175 
10/27/94 0.5 2333 2513 2006 1708 1608 1382 1331 1232 1201 973 
0.7 468 560 474 354 336 263 289 308 276 209 
10/27/94 0.5 2589 2003 1426 117 1192 1052 920 751 676 440 
0.7 672 461 354 277 280 261 225 162 156 98 
10/28/94 0.5 2148 1779 1604 1399 1252 1211 1225 1217 1104 1084 
1.0 377 327 295 243 212 205 205 202 189 185 
10/31/94 0.5 39689 32996 26569 23315 24949 21414 20732 19562 17894 19592 
1.0 22224 18167 15302 3262 14554 12246 11695 10924 10105 11215 
10/31/94 0.5 2512 2883 2231 1845 1785 1721 1520 1404 1301 1345 
1.0 260 443 266 234 233 230 221 190 161 165 
11/01/94 0.5 6193 4150 3532 2766 2707 2683 2318 2126 2010 1853 
1.0 141 4981 808 670 630 613 558 513 484 433 
Table CI. Continued. 
Date Size Time (min.) 
1 2 3 4 5 6 7 8 9 10 
11/02/94 0.5 2813 1956 1551 1040 1016 912 812 850 740 619 
1.0 614 425 339 205 241 220 196 169 172 120 
11/03/94 0.5 2634 2437 2009 1480 1383 1105 1168 1049 1016 853 
1.0 371 380 289 227 196 145 189 159 167 150 
11/04/94 0.5 2302 1854 1303 1181 1092 1003 989 1024 934 977 
1.0 300 216 141 170 141 122 128 115 108 108 
11/04/94 0.5 3411 2389 2023 1746 1810 1787 1757 1664 1775 1771 
1.0 726 291 220 205 224 177 203 151 203 206 
11/07/94 0.5 2971 2600 2276 2222 2120 2064 2143 1972 1840 2029 
1.0 321 279 241 251 234 223 242 212 205 183 
11/07/94 0.5 4353 3427 3187 2907 2501 2173 2204 1863 1959 1835 
1.0 467 378 394 378 305 280 288 213 227 229 
11/08/94 0.5 2156 1365 1054 923 914 830 795 729 666 567 
1.0 182 102 114 91 87 91 91 72 60 55 
11/09/94 0.5 1943 2323 1700 1384 1263 1132 999 992 890 904 
1.0 179 266 188 157 167 128 114 
11/21/94 0.5 2172 1611 1419 1257 1285 1027 772 903 692 747 
1.0 324 215 176 185 190 134 122 144 99 114 
11/21/94 0.5 3648 3357 3797 3658 3444 3296 3109 3106 2944 2876 
1.0 1144 1059 1220 1162 1111 1004 1032 950 902 843 
11/23/94 0.5 1549 1447 989 882 781 611 749 700 615 584 
1.0 241 214 188 170 163 111 123 119 97 102 
11/28/94 0.5 1965 1297 978 848 720 648 312 557 468 405 
1.0 272 187 150 128 112 122 88 94 52 51 
11/28/94 0.5 14409 12898 10018 9650 9084 7244 6775 5906 5019 5324 
1.0 3686 3230 2634 2634 2568 1792 1696 1540 1340 1395 
11/29/94 0.5 31316 30220 21713 17694 15859 15772 15563 14865 12273 13113 
Tabled. Continued. 
Date Size Time (min.) 
1 2 3 4 5 6 7 8 9 10 
1.0 6642 6299 4627 3947 3404 3468 3443 3322 2710 2923 
11/30/94 0.5 6322 46299 40080 33051 29393 23909 20573 21503 20414 18090 
1.0 8254 8840 7314 5977 5227 4192 3659 3697 4037 3516 
11/30/94 0.5 46322 46299 40080 33051 29393 23909 20573 21503 20414 18090 
1.0 8254 8840 7314 5977 5227 4192 3659 3697 4037 3516 
11/30/94 0.5 09322 101458 85128 74285 71158 61642 60539 47623 37925 35080 
1.0 30358 27903 23230 23230 20341 19665 17041 16666 1209 10361 
12/01/94 0.5 4076 3263 2593 1365 1224 927 965 1138 1217 995 
1.0 2079 1617 1308 662 579 460 480 525 605 478 
12/01/94 0.5 13190 8433 5437 6024 5345 3821 3192 3132 2617 995 
1.0 411 268 171 193 172 129 75 114 99 57 
12/7/94 0.5 134206 95585 72029 75189 57075 73480 67511 63492 62998 53243 
1.0 19084 13375 10306 10550 7847 10321 9359 8729 8610 7344 
12/9/94 0.5 10357 7884 5732 5498 4480 3679 3228 3709 2692 2552 
1.0 345 256 187 203 162 130 105 97 72 77 
Table C2. Particle count with ionization system off (control) measured in particle > diameter specified per 0.0027 m^. 
Prototype (2) on measured in particle > diameter specified per 0.0027 m^ 
Date Size Time (min.) 
1 2 3 4 5 6 7 8 9 10 
10/20/94 0.5 1757 1667 1593 1528 1455 1574 1509 1564 1515 1522 
0.7 625 551 507 505 489 532 485 531 463 508 
10/21/94 0.5 1475 1515 1519 1491 1490 1480 1459 1474 1409 1422 
0.7 582 581 589 580 512 567 558 574 529 535 
10/24/94 0.5 55479 56154 56979 55389 56006 55565 54447 53858 54082 52993 
0.7 47878 48482 49267 48096 48675 48058 47444 46854 46854 45771 
10/24/94 0.5 1106 1167 1051 1009 963 940 871 886 851 897 
0.7 576 576 509 484 448 452 402 418 381 398 
10/25/94 0.5 849 848 882 929 868 919 829 868 863 842 
1.0 265 217 217 240 220 207 202 217 199 231 
10/26/94 0.5 3266 3166 3218 3136 3069 3103 3216 3228 3173 3392 
670 653 609 636 583 615 561 563 623 592 
10/27/94 0.5 2359 2461 2380 2356 2211 2305 2091 2271 2234 2314 
1.0 607 638 620 586 532 579 538 545 516 542 
10/27/94 0.5 2340 2159 2300 2427 2352 2476 2241 2174 2388 2233 
1.0 489 444 472 420 453 491 476 437 478 430 
10/28/94 0.5 1923 1763 1842 1872 1829 1875 1812 1795 1750 1747 
1.0 328 278 282 269 275 301 291 285 282 279 
10/3/94 0.5 6088 6963 5248 4178 4006 5228 5010 4235 3608 4294 
0.7 3904 4675 3487 2739 2621 3457 3273 2742 2251 2819 
10/5/94 0.5 21512 18092 18891 17149 25065 19473 19188 18455 19069 17234 
0.17 16532 13858 14417 13193 20148 15098 15098 15154 14787 13491 
10/6/94 0.5 4594 4246 3575 3375 4389 3682 3556 3352 3264 3286 
0.7 1663 1454 1171 1125 1178 1222 1175 1101 1080 1108 
10 
1367 
385 
3095 
1989 
2319 
433 
104329 
88879 
2092 
759 
2467 
256 
28478 
15098 
104980 
58750 
2347 
410 
2430 
340 
1640 
189 
1937 
189 
2124 
301 
1970 
Table C2. Continued. 
Date Size Time (min.) 
1 2 3 4 5 6 7 8 9 
0.5 1587 1617 1550 1452 1553 1471 1535 1466 1500 
410 431 418 397 397 388 433 381 424 
0.5 3214 3335 3249 3068 3169 3043 2885 3039 2885 
0.7 2047 2141 2068 2111 1977 2061 1987 1932 1823 
0.5 2497 2365 2477 2399 2377 2470 2267 2240 2295 
0.7 449 416 450 422 417 431 457 373 419 
0.5 132376 119095 103982 94167 94350 99923 88646 93439 91160 
0.7 111624 100872 87484 78256 84437 79566 74811 78667 77154 
0.5 2543 2249 2075 2031 2186 2200 1997 2114 2027 
0.7 989 942 859 794 920 848 799 855 807 
0.5 2620 2518 2501 2314 2426 2347 2394 2392 2485 
1.0 321 271 300 281 259 280 258 259 272 
0.5 41447 38558 39936 32896 31218 31562 30073 28470 28470 
1.0 21997 20086 20273 17830 17989 16676 16824 15929 15544 
0.5 109508 110804 108058 104491 107205 108170 109671 110917 107589 
1.0 61070 62728 59950 58748 60368 60506 61228 61956 60380 
0.5 2492 2564 2525 2479 2340 2424 2524 2359 2414 
1.0 493 510 476 435 472 458 488 424 466 
0.5 2702 2512 2470 2603 2401 2411 2430 2434 2452 
1.0 1746 394 360 355 338 328 347 335 342 
0.5 1746 1810 1787 1757 1664 1775 1771 1929 1763 
1.0 234 223 242 212 205 183 247 206 199 
0.5 2120 2064 2143 1972 1940 1840 2029 1968 1947 
1.0 234 223 245 212 205 183 247 206 199 
0.5 2343 2302 2091 2318 2214 2212 2203 2227 2067 
1.0 339 319 302 317 308 316 310 304 303 
0.5 2489 2219 2116 2016 1969 1854 1918 1918 2074 
10/7/94 
10/12/94 
10/17/94 
10/18/94 
10/19/94 
10/31/94 
10/31/94 
11/01/94 
11/02/94 
11/03/94 
11/04/94 
11/07/94 
11/08/94 
11/11/94 
Table C2. Continued. 
Date Size Time (min.) 
1 2 3 4 5 6 7 8 9 10 
1.0 212 213 177 183 153 152 136 160 180 160 
11/21/94 0.5 4045 3962 3830 3850 3949 3735 3882 3882 3860 3732 
1.0 1392 1376 1301 1300 1359 1258 1234 1264 1193 1186 
11/23/94 0.5 1250 1366 1269 1322 1359 1259 1216 1338 1250 1240 
1.0 197 207 211 223 201 194 198 198 183 183 
11/28/94 0.5 1595 1562 1551 1530 1552 1597 1641 1512 1551 1500 
1.0 218 205 209 229 211 229 227 204 183 201 
11/28/94 0.5 19448 20500 30322 26523 22079 19667 18459 16094 15196 15668 
1.0 5377 5457 5729 8560 7134 5154 4852 4111 3914 4012 
11/29/94 0.5 48179 39391 35729 35899 34207 34687 34492 32990 31764 30749 
1.0 10534 8797 7834 8016 7852 7503 7518 7518 6982 6678 
11/30/94 0.5 151306 144102 151202 147687 141825 131794 121676 118145 121492 116960 
1.0 45713 42393 45569 43908 41987 38079 34564 34564 33786 33240 
12/01/94 0.5 12511 12466 12269 12335 12868 12633 12310 12432 12310 12119 
1.0 371 351 353 371 370 349 327 328 335 347 
12/07/94 0.5 75189 57075 73480 67511 63492 62998 53243 58182 42443 50731 
1.0 10550 7847 10321 9359 8724 8610 7344 7883 5747 6938 
12/09/94 0.5 9391 8592 8444 8857 8277 8154 7993 7992 8919 7751 
1.0 379 359 375 332 343 337 341 355 310 291 
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Table C3. Slope of the dust decay rate by using first prototype ionization 
system at voltage of 20 KV and space of 6 inches between 
collecting plates 
Date 0.3 0.5 |i 1.0 2.0 11 5.0 n 1.0 la 
1/20/94 0.01248 0.01248 0.01275 0.01406 0.01558 0.02219 
1/21/94 0.01291 0.01361 0.01428 0.01937 0.01937 0.01898 
1/24/94 0.01261 0.01016 0.01333 0.01362 0.02314 0.02432 
1/25/94 0.01602 0.01597 0.01659 0.01827 0.02104 0.01933 
1/26/94 0.01231 0.01430 0.01674 0.01905 0.02597 0.03152 
1/28/94 0.01561 0.01614 0.01856 0.01856 0.02106 0.03000 
1/31/94 0.01420 0.01463 0.01315 0.01599 0.02269 0.02173 
2/02/94 0.01764 0.01667 0.01560 0.01675 0.02269 0.02375 
2/03/94 0.01764 0.01464 0.01757 0.03455 0.03279 0.02367 
2/04/94 0.01648 0.01764 0.02176 0.02406 0.02710 0.04420 
2/11/94 0.02019 0.01928 0.02034 0.02340 0.03279 0.03116 
2/14/94 0.01725 0.01914 0.02461 0.02836 0.03849 0.04710 
2/15/94 0.02129 0.02275 0.02461 0.02836 0.02836 0.04710 
2/15/94 0.01958 0.02159 0.02322 0.02507 0.02891 0.03770 
2/16/94 0.01471 0.01611 0.01860 0.02057 0.03671 0.04385 
2/17/94 • 0.01838 0.01767 0.02654 0.02676 0.04002 0.04705 
2/17/94 0.01362 0.01492 0.01777 0.01863 0.02545 0.03174 
2/15/94 0.02129 0.02275 0.02461 0.02836 0.02836 0.04710 
2/15/94 0.01958 0.02159 0.02322 0.02507 0.02891 0.03770 
2/16/94 0.01471 0.01611 0.01860 0.02057 0.03671 0.04385 
2/17/94 0.01838 0.01767 0.02654 0.02676 0.04002 0.04705 
2/17/94 0.01362 0.01492 0.01777 0.01863 0.02545 0.03174 
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Table C4. Slope of dust decay rate by using second prototype ionization system at 
voltage of 20 KV and space of 2" between the discharge electrode and 
collector plates. Sampling time is 10 minutes and sampling interval 5 sec. 
Date 0.5 0.7 Date 0.5 0.7 Date 0,5 1.0 
10/3/94 0.02336 0.02290 10/25/94 0.04260 0.04600 11/08/94 0.05330 0.05490 
10/5/94 0.02713 0.02379 10/25/94 0.04320 0.04320 11/09/94 0.03320 0.02230 
10/5/94 0.02814 0.02778 10/26/94 0.05800 0.04996 11/10/94 0.03850 0.04060 
10/6/94 0.02070 0.01910 10/27/94 0.03790 0.03520 11/11/94 0.04680 0.04060 
10/7/94 0.03604 0.03345 10/27/94 0.04810 0.04210 11/21/94 0.01930 0.02210 
10/7/94 0.05490 0.05997 10/28/94 0.02790 0.03090 11/21/94 0.04630 0.04540 
10/12/94 0.05021 0.05114 10/31/94 0.03280 0.03060 11/23/94 0.03550 0.03240 
10/12/94 0.01554 0.01154 10/31/94 0.03060 0.02970 11/28/94 0.06240 0.06280 
10/13/94 0.02920 0.02295 11/01/94 0.05240 0.05140 11/28/94 0.04230 0.04220 
10/13/94 0.03365 0.03470 11/01/94 0.05350 0.05690 11/29/94 0.03780 0.03570 
10/14/94 0.03990 0.04150 11/02/94 0.04420 0.06570 11/30/94 0.04080 0.04350 
10/17/94 0.01529 0.02007 11/02/94 0.06570 0.07080 11/30/94 0.06550 0.06910 
10/17/94 0.04123 0.03808 11/03/94 0.04890 0.03920 12/01/94 0.06180 0.06410 
10/18/94 0.03654 0.03948 11/04/94 0.03920 0.03090 12/01/94 0.06540 0.06940 
10/18/94 0.02380 0.02410 11/04/94 0.04610 0.04130 12/07/94 0.04010 0.04140 
10/19/94 0.07014 0.07115 11/07/94 0.03750 0.03750 12/09/94 0.06080 0.06500 
10/19/94 0.06540 0.06490 11/07/94 0.04480 0.03420 12/22/94 0.04990 0.06300 
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Table C5. Slope of dust decay rate when the second ionization system is off (Control). 
Date 0.5 0.7 Date 0.5 0.7 Date 0.5 1.0 
10/3/94 0.01510 0.01411 10/25/94 0.00030 0.00590 11/21/94 0.00350 0.00670 
10/5/94 0.00960 0.00180 10/27/94 0.00200 0.00550 11/23/94 0.00035 0.00035 
10/6/94 0.01480 0.01700 10/27/94 0.00080 0.00490 11/28/94 0.00270 0.00350 
10/12/94 0.00160 0.00124 10/28/94 0.00290 0.00610 11/28/94 0.00930 0.01270 
10/17/94 0.00320 0.00150 10/31/94 0.00260 0.00108 11/29/94 0.01950 0.02100 
10/18/94 0.00103 0.00990 11/01/94 0.00183 0.00167 11/30/94 0.01110 0.01380 
10/19/94 0.00101 0.00115 11/02/94 0.00260 0.0080 12/01/94 0.00110 0.00290 
10/20/94 0.00620 0.00900 11/04/94 0.00270 0.00660 12/07/94 0.01710 0.01820 
10/21/94 0.00140 0.00360 11/04/94 0.00270 0.00130 12/09/94 0.00830 0.01140 
10/24/94 0.00200 0.00190 11/7/94 0.00390 0.00930 
10/24/94 0.00140 0.00160 11/11/94 0.01000 0.01222 
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Table C6. The percent of reduction in dust concentration by using the second ionization 
system based on 10 minutes sampling period. 
Date 0.5 0.7 Date 0.5 0.7 Date 0.5 1.0 
10/03/94 79.14% 83.63% 10/20/94 68.14% 70.31% 11/07/94 57.84% 50.96% 
10/05/94 46.46% 42.46% 10/24/94 59.97% 56.05% 11/08/94 73.70% 69.78% 
10/05/94 47.69% 47.32% 10/25/94 62.51% 65.35% 11/09/94 53.47% 40.22% 
10/06/94 37.95% 36.56% 10/25/94 62.85% 66.00% 11/10/94 58.83% 60.08% 
10/07/94 61.33% 58.34% 10/26/94 73.69% 68.35% 11/11/94 65.98% 71.94% 
10/07/94 71.79% 74.86% 10/27/94 83.00% 85.11% 11/21/94 65.60% 64.81% 
10/07/94 56.39% 53.71% 10/27/94 58.29% 55.34% 11/21/94 65.60% 64.81% 
10/12/94 68.53% 69.33% 10/28/94 49.53% 50.92% 11/23/94 62.29% 57.67% 
10/12/94 30.08% 23.34% 10/31/94 46.45% 36.53% 11/28/94 79.38% 81.25% 
10/13/94 48.21% 49.45% 10/31/94 50.63% 49.53% 11/28/94 63.05% 62.15% 
10/13/94 53.92% 55.05% 11/01/94 77.00% 66.96% 11/29/94 58.12% 55.99% 
10/14/94 61.88% 61.19% 11/01/94 70.08% 69.37% 11/30/94 67.90% 67.65% 
10/17/94 61.33% 58.34% 11/02/94 77.99% 80.45% 11/30/94 60.94% 62.45% 
10/17/94 29.68% 37.00% 11/02/94 63.85% 61.19% 12/01/94 75.58% 77.00% 
10/18/94 56.88% 59.71% 11/03/94 67.61% 59.98% 12/01/94 75.54% 77.00% 
10/18/94 79.21% 82.24% 11/04/94 48.00% 71.62% 12/07/94 60.32% 61.52% 
10/19/94 77.85% 77.58% 11/04/94 57.55% 64.00% 12/09/94 75.35% 77.68% 
10/19/94 80.11% 80.73% 11/07/94 31.71% 42.99% 
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Table C7. The percent of reduction in dust concentration by using second ionization 
system prototype based on entire sampling period. 
Date 0.5 0.7 Date 0.5 0.7 Date 0.5 1.0 
10/03/94 90.86% 92.81% 10/24/94 84.90% 85.37% 11/07/94 78.51% 71.60% 
10/05/94 67.45% 65.97% 10/24/94 91.26% 91.92% 11/08/94 74.12% 71.14% 
10/05/94 77.78% 78.03% 10/25/94 69.81% 70.17% 11/09/94 77.40% 78.77% 
10/06/94 65.56% 57.73% 10/25/94 91.27% 92.54% 11/10/94 69.59% 66.59% 
10/07/94 66.10% 84.55% 10/26/94 89.40% 89.69% 11/11/94 86.28% 87.53% 
10/07/94 81.78% 83.23% 10/27/94 88.25% 95.21% 11/19/94 94.82% 95.30% 
10/12/94 77.56% 78.13% 10/27/94 73.85% 74.52% 11/21/94 60.78% 67.74% 
10/13/94 81.99% 82.55% 10/28/94 56.79% 57.82% 11/21/94 84.00% 84.25% 
10/13/94 70.71% 71.82% 10/31/94 69.78% 70.09% 11/23/94 59.32% 56.015 
10/14/94 81.76% 81.33% 10/31/94 67.15% 56.53% 11/28/94 75.62% 76.61% 
10/17/94 87.77% 87.98% 11/01/94 78.20% 84.16% 11/28/94 78.47% 74.26% 
10/18/94 76.49% 77.34% 11/01/94 83.75% 84.14% 11/29/94 60.92% 59.53% 
10/19/94 90.31% 91.39% 11/02/94 90.19% 88.11% 11/30/94 79.71% 80.79% 
10/20/94 79.04% 75.15% 11/02/94 72.78% 72.14% 12/01/94 85.53% 84.18% 
10/21/94 89.00% 88.62% 11/03/94 75.93% 70.88% 12/01/94 93.45% 93.65% 
10/21/94 90.19% 88.11% 11/04/94 78.90% 78.97% 12/09/94 82.11% 80.86% 
10/22/94 88.26% 95.25% 11/07/94 80.70% 80.08% 
